
Anna Kaczmarska, IFJ PAN 5th Symposium of the Division for Physics of 
Fundamental Interactions of the PPS, 21.10.20221 / 12

1

The Quest for phenomena  
Beyond the Standard Model

at ATLAS

Anna Kaczmarska 
Institute of Nuclear Physics PAN  
Kraków, Poland 

Thanks to Greg Landsberg for his lectures and healthy approach to BSM searches  



Anna Kaczmarska, IFJ PAN 5th Symposium of the Division for Physics of 
Fundamental Interactions of the PPS, 21.10.20222 / 12

How to find a black cat in a dark room 
Especially when there is no cat

• Quest for new physics is not for wimps
• A lot of searches performed by ATLAS so far, and all came empty-handed
• A likelihood for any given search to find something interesting seems to be very 

small…
• … yet, the only way to find something is to keep looking!

• And we are quite well motivated

• The SM is our best tool to understand nature but it’s not the ultimate one!
• Hierarchy problem? Dark matter? Neutrino masses? Matter/anti-matter 

asymmetry….
• Tention from SM predictions in B-physics measurements, muon g-2 anomaly etc.

• Shift of paradigm: from seraches of the highest masses, and low background to 
searches experimentally challenging, with low couplings, low masses etc.

• This talk will present a few of the most recent ATLAS results from the full Run-II 
data
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Extended scalar sector

• So far Higgs boson (125) looks like from SM, but consistent with SM ≠ incompatible with BSM

• Extended scalar sector 
appears in many extensions         
of the SM (e.g. SUSY) 

• They allow for SM-like light 
Higgs phenomenology and 
bring additional Higgs 
bosons

• Searches often interpreted
in the contest of 2HDM 
(MSSM) 

• Rich phenomenology and 
final states -> also exotic 
Higgs decays

• Wide range of tested 
masses 

courtesy of N. Ilic

(NMSSM)

(MSSM)
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Dark photons from Higgs boson       
decays via ZH production ATLAS-CONF-2022-064

• Dark photon: predicted in hidden-sector models 
with an unbroken dark U(1) gauge symmetry 
• Model independent analysis
• Clean final state: l+l- 𝛾 𝛾dark (MET)
• Massless and light dark-photon (up to 40 GeV)

heavy scalar messenger fields that might produce new physics signals at the Large Hadron Collider (LHC).
For massless dark photons, the U(1)D kinetic mixing with U(1) can be tuned away on shell, in agreement
with all existing constraints [16, 17], while o�-shell contributions give rise to higher-dimensional contact
operators strongly suppressed by the scale of the heavy messenger mass.

A new discovery process for dark photons proceeding via Higgs-boson production at the LHC is presented
in this paper. Thanks to the non-decoupling properties of the Higgs boson, a branching ratio of H ! ��d
with values up to a few percent are possible for a massless dark photon as well as for heavy dark-sector
scenarios [13–15]. The corresponding signature consists, for a Higgs boson with a mass mH = 125 GeV,
of a photon with an energy E� = mH/2 in the Higgs centre-of-mass and a similar amount of missing
transverse momentum (Emiss

T ) which originates from the escaping �d [14].

In this scenario, the Higgs boson decay to one photon � and one dark photon �d can be enhanced despite
existing constraints [13], providing a very distinctive signature of a single photon plus missing transverse
momentum at the Higgs boson mass resonance. If such a signature is discovered at the LHC, CP invariance
will imply the spin-1 nature of the missing particle, excluding axions or other ultra light scalar particles.

The photon plus E
miss
T signature has been extensively studied by the LHC experiments [18, 19]. In the

particular case of massless �d searches in Higgs boson decays, the CMS experiment has probed this decay
channel using Higgs boson events produced in association with a Z boson ZH(Z ! `+`�) [20] or via
vector-boson fusion (VBF) production [21] setting an observed (expected) upper limit at 95% confidence
level (CL) of 4.6% (3.6%) and 3.5% (2.8%) respectively. ATLAS has set an observed (expected) limit on
H ! ��d branching ratio, using the VBF production mode, to 1.8% (1.7%) at 95% CL [22].

This analysis is based on the ZH production mode where Z ! `+`� (` = e, µ) and H ! ��d which
proceeds at leading order through the Feynman diagrams shown in Figure 1. The study is performed using
a final state consisting of two same-flavour, opposite-charge electrons or muons, an isolated photon and
missing transverse momentum. The requirements applied to the photon and the E

miss
T , originating from a

potential SM Higgs boson decay, are optimised to maximise the signal acceptance. The leptons, on the
other hand, are used for triggering on the event and provide a Z boson mass constraint. The transverse
mass mT of the ��E

miss
T system presents a kinematic edge at the Higgs boson mass and is included as a

variable of interest in the boosted decision tree (BDT) score that is exploited to search for a dark photon
signal. The kinematics of these events would also allow the search for low-mass (, 0) �d. Hence, the
analysis is optimized for dark photon searches in the [0-40] GeV mass range.

Figure 1: Feynman diagrams for H! ��d in qq̄ ! ZH and gg ! ZH production modes.
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Table 6: Observed event yields in 139 fb�1 of data compared to expected yields from SM backgrounds obtained from
the background-only fit for the ee + µµ channel in the SR and in the VV� CR. The expected yields for the massless
�d signal are also shown assuming BR(H ! ��d) = 5%. The uncertainty includes both the statistical and systematic
sources. The individual uncertainties can be correlated and do not necessarily add in quadrature to equal the total
background uncertainty.

BDT bin SR 0 - 0.50 SR 0.50 - 0.64 SR 0.64 - 0.77 SR 0.77 - 0.88 SR 0.88 - 0.96 SR 0.96 - 1 CR 0 - 1

Observed 910 84 59 72 42 6 32

Expected SM background 910 ± 29 85.5 ± 8.7 59.9 ± 7.3 69.7 ± 7.8 41.6 ± 6.1 7.3 ± 2.0 31.4 ± 5.4

Fake E
miss

T
800 ± 34 72.1 ± 8.3 45.7 ± 6.5 53.2 ± 7.1 27.9 ± 6.1 2.0 ± 1.9 2.1+3.5

�2.1
e � 21.5 ± 2.4 3.33 ± 0.65 3.75 ± 0.77 6.4 ± 1.2 5.7 ± 1.5 1.47 ± 0.26 1.24 ± 0.07
VV� 44 ± 12 5.3 ± 1.6 5.8 ± 1.7 6.4 ± 1.8 5.7 ± 1.9 3.30 ± 0.97 27.3 ± 6.4

tt̄, tt̄�, single t 42 ± 15 4.3 ± 1.5 3.4 ± 1.2 3.6 ± 1.2 2.13 ± 0.80 0.50 ± 0.18 0.63 ± 0.22
W� 3.3 ± 1.5 0.39 ± 0.18 1.18 ± 0.55 � 0.04 ± 0.02 � �

tt̄H, VH 0.15 ± 0.02 0.03 ± 0.01 0.04 ± 0.01 0.06 ± 0.01 0.09 ± 0.03 0.02 ± 0.01 0.17+0.18
�0.17

Signal (ZH ! ��d) 5.11 ± 1.34 1.98 ± 0.51 3.24 ± 1.00 5.46 ± 1.64 11.12 ± 3.06 14.87 ± 1.88 �
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Figure 5: Distribution of the BDT classifier response in data and for the expected SM background before (a) and
after (b) the background-only fit. The expectations for ZH, H ! ��d are also shown for the massless dark photon
(red dashed line) and for dark photon mass values of 20 GeV (blue dashed line) and 40 GeV (yellow dashed line),
assuming BR(H ! ��d) = 5%. Uncertainties shown are statistical for data, while for backgrounds include statistical
and systematic sources determined by the multiple-bin fit. The lower panel shows the ratio of data to expected
background event yields.

uncertainty due to energy scale and resolution of electrons and photons corresponds to 7.4%, while the
same uncertainty for muons corresponds to 4.2%.

The other experimental and theoretical systematic uncertainties have a relative impact below about 3% in
all BDT bins.

The event yields in data are consistent with the predicted SM background event yields, as shown in Table 6.
The model-dependent fit is therefore performed in order to extract upper limits at 95% CL on the branching

20

ratio of the sought decay mode of the Higgs boson. These limits are based on the profile-likelihood-ratio
test statistic [74] and CLs prescriptions [75], evaluated using the asymptotic approximation [76]. The fit is
performed including the signal component of the Higgs boson production in ZH with a subsequent Higgs
boson decays into � and �d. The results are provided for the massless dark photon, as well as for low dark
photon mass values up to 40 GeV, as shown in Figure 7. The corresponding values are also reported in
Table 8. The observed (expected) upper limits on BR(H! ��d) is at the level of 2.3% (2.8%), for massless
�d and varies slightly until mass values of 20 GeV. The mass dependence of the limits become stronger
beyond that value and the observed (expected) upper limit increases to about 2.5% (3.1%) at 40 GeV.
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Figure 7: Observed and expected exclusion limits at 95% CL on BR(H ! � �d) as function of the �d mass. The
green and yellow bands show respectively the ±1� and ±2� uncertainties.

Table 8: Observed and expected limits at 95% CL on BR(H ! ��d) for di�erent values of the �d mass for the
ee + µµ channel. The asymmetric error corresponds to the ±1� band.

m�d BR(H ! ��d)95% CL
obs BR(H ! ��d)95% CL

exp

[GeV] [%] [%]
0 2.28 2.82+1.33

�0.84

1 2.19 2.71+1.28
�0.81

10 2.21 2.73+1.31
�0.82

20 2.17 2.69+1.29
�0.81

30 2.32 2.87+1.36
�0.86

40 2.52 3.11+1.48
�0.93
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• No excess observed, limit set on BR(H → 𝜸𝜸dark)
• For massless 𝛾dark , BR(H→ 𝛾𝛾dark) of 2.28% at 95% CL 

The BDT classifier output is 
used as discriminant for the 
final statistical analysis

Improvement by factor 2 
wrt previous (CMS) result

Boosted Decision Tree (BDT)

Discriminant variable: BDT score to enhance the analysis sensitivity

Input variables: �
Emiss

T

, mT (p
�
T
,Emiss

T
), m``, m``� , p

�
T
,

|�!E miss

T
+�!

p
�
T
|�p

``
T

p``
T

in order of importance

Optimization of BDT hyperparameters based on Randomized + Grid search

5-fold cross-validation (SKLearn::StratifiedKFold) for the training

MC weights handled through ’sample weights’ parameter of XGBoost classifier + ’scale pos weights’ to re-weight the
signal class (in order to reduce imbalance between signal and background statistics)

Kolmogorov-Smirnov test implemented =) no overtraining observed

BDT results consistent among di↵erent dark-photon masses

Hassnae El Jarrari HDBS approval August 8th, 2022 9 / 43
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Heavy resonances into Z/W and Higgs boson in 
final states with leptons and b-jets

arXiv:2207.00230

• Search for heavy pseudoscalar A or new vector boson
decaying to Z/W boson and SM Higgs

• Heavy Vector Triplet W’/Z’ 
• Generic 2HDM

• Resonance mass tested: 220 GeV – 2(A)/5 (W’,Z’) TeV
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Figure 1: Representative lowest-order Feynman diagrams of the resonant production of a , or / boson and a Higgs
boson via (a) quark–antiquark annihilation, (b) gluon–gluon fusion and (c) 1-associated production. The subsequent
decays into the aā11̄, ✓±a11̄ and ✓

+
✓
�
11̄ final states are also depicted, where ✓ = 4, `, and g.

the pseudorapidity range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition
radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|[ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for both the electromagnetic and hadronic energy measurements up to |[ | = 4.9. The muon spectrometer
surrounds the calorimeters and is based on three large superconducting air-core toroidal magnets with
eight coils each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the
detector. The muon spectrometer includes a system of precision tracking chambers and fast detectors for
triggering. A two-level trigger system is used to select events. The first-level trigger is implemented in
hardware and uses a subset of the detector information to accept events at a rate below 100 kHz. This is
followed by a software-based trigger that reduces the accepted event rate to 1 kHz on average depending
on the data-taking conditions. An extensive software suite [31] is used in the reconstruction and analysis
of real and simulated data, in detector operations, and in the trigger and data acquisition systems of the
experiment.
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• Signal regions according to 0L/1L/2L and b-jet 
multiplicity 

• Two event categories depending on pT
h: resolved and 

merged
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• No significant excess observed
• Largest deviation from the SM expectation found at 500 GeV in ggA and Z’, corresponding to significance of  2.1σ 
(1.1 σ) local (global) (1.6 σ local for bbA)
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Figure 8: Upper limits at the 95% CL on the product of the cross section for pp ! /
0 and the branching fraction to

/⌘ from the combination of the 0-lepton (0L) and 2-lepton (2L) channels (a) and on the product of the cross section
for pp !,

0 and the branching fraction to ,⌘ from the combination of the 0-lepton and 1-lepton (1L) channels (b).
For the /

0 and ,
0 search, the branching fraction of ⌘ ! 11̄, 22̄ is assumed to be 0.598.
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Figure 9: Upper limits at the 95% CL on the product of the cross section for (a) 66 ! � and (b) 11̄ ! � and their
respective branching fraction to /⌘ from the combination of the 0-lepton (0L) and 2-lepton (2L) channels. For
the 66 ! � search, the possible signal components of the data are interpreted assuming pure gluon–gluon fusion
production. For both searches, a branching fraction of 0.569 for ⌘ ! 11̄ [124] is assumed.

are used to set 95% CL exclusion contours in the HVT parameter plane {6F, 6H}8 [125]. Exclusion
contours are shown in Figure 10 for resonance masses of 2, 3 and 4 TeV. The constraints on 6F and 6H are
stronger for large coupling parameter values and become weaker as these coupling parameters approach
zero. This is because the resonance couplings to +⌘ vanish as the 6H parameter reaches zero, while for
6F = 0 the /

0 and ,
0 production cross sections in the quark–antiquark annihilation mode become zero.

Figure 11 shows the expected and observed two-dimensional likelihood scans of the 1-associated production
cross section times branching fraction ⌫(� ! /⌘) versus the gluon–gluon fusion production cross section

8 The coupling constants 6H and 6F are related to those in Ref. [12] as follows: the Higgs boson coupling is 6H = 6V2H and the

universal fermion coupling is 6F = 6
2
2F/6V, where 6 is the SM SU(2)L gauge coupling.
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0 production cross sections in the quark–antiquark annihilation mode become zero.

Figure 11 shows the expected and observed two-dimensional likelihood scans of the 1-associated production
cross section times branching fraction ⌫(� ! /⌘) versus the gluon–gluon fusion production cross section

8 The coupling constants 6H and 6F are related to those in Ref. [12] as follows: the Higgs boson coupling is 6H = 6V2H and the

universal fermion coupling is 6F = 6
2
2F/6V, where 6 is the SM SU(2)L gauge coupling.
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SUSY searches strategy

Strong production
• Copious production
• Large MET in final state

Third-generation sparticles
• Naturalness -> mass of ~O(TeV)
• Lighter than other squarks  

Electroweak production
• Coloured spartners too heavy
• Direct gaugino/higgsino/slepton production

R-parity conservation vs RP violation
• RPC – large MET from weakly interacting LSPs
• RPV - more leptons/jets and less or no MET
• RPV – prompt or delayed LSP decay

Long lived/metastable sparticles
• Supressed (effective) coupling
• Lack of phase space, e.g.mass 

degeneraces (compressed searches)
• May induce non-trivial signals in 

detectors
• displaced vertices
• disappearing tracks etc.
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Same-sign 2L/3L from direct production of 
winos and higgsinos

• Direct production of winos and higgsinos in final 
states with 2L SS (e/µ) or 3L

• Models with and without R-parity conservation, 
and with different RPV origin (L or B violating 
terms)

All possible decays of the Higgs boson which ultimately result in a single lepton and jets (mostly via
intermediate states) are taken into account. This is indicated by the grey-filled dot in the Higgs decay in
Figure 1(a). (ii) A decay into an on-shell, leptonically decaying / is also studied, as shown in Figure 1(b).
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Figure 1: Diagrams of the targeted RPC simplified models with intermediate gauge vector and Higgs boson production.

2.2 Higgsino-like electroweakinos in RPV scenarios

The RPV component of the generic superpotential can be written as [34]:
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where 8, 9 , : = 1, 2, 3 are generation indices. The !8, &8 represent the lepton and quark (* (2)! doublet
superfields, whereas �2 is the Higgs superfield. The ⇢̄ 9 , ⇡̄ 9 , and *̄ 9 are the charged lepton, down-type
quark, and up-type quark (* (2)! singlet superfields, respectively. The Yukawa couplings are _, _0, and
_
00, whilst n is a dimensionful mass parameter. We explore two RPV scenarios, the first from bilinear

lepton-number-violating terms !�2, and the second from baryon-number violating terms UDD in Eq. (1).

RPV SUSY through bilinear terms is strongly motivated by its inherent connection with neutrino physics [88–
90]. Sneutrino vacuum expectation values (VEVs) introduce a mixing between neutrinos and neutralinos,
leading to a see-saw mechanism that gives mass to one neutrino at tree level with the other two neutrino
masses being induced by loop effects [91, 92]. The same VEVs are also involved in the decay of the LSP,
thus constraining it by experimental neutrino measurements.

The specific model considered here is inspired by naturalness [28, 29] arguments and involves the pair
production of light, nearly degenerate higgsinos, j̃0
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feature a two-SS-lepton final state. A low ratio of Higgs doublets VEVs, tan V = 5, is assumed to favour
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dilepton and trilepton final states occur from , and g leptonic decays. Examples of diagrams are given
in Figure 2(a) and Figure 2(b). The decay modes are partly determined by a fit to neutrino oscillation
experimental data [94], leading to flavour non-universality of lepton decays, with more details given in
Section 4. All possible allowed higgsino decays are considered in the analysis.
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Figure 2: Diagrams of the targeted RPV models. Diagrams (a) and (b) serve as examples, as inclusive bRPV
production is considered. The UDD RPV scenario with BNV terms in diagram (c) is a simplified model.

Besides SUSY with UDD terms in Eq. (1) [34, 95, 96], baryon number violation (BNV) is featured in
BSM scenarios such as grand unified theories [97] and models with black holes [98]. Moreover, BNV is
fundamental to explain the observed asymmetry between baryons and antibaryons in the universe as an
evolution from an early symmetric state [99].

In the simplified topology considered, higgsino j̃
0
1j̃

0
2 pairs are directly produced and undergo prompt

RPV decays as shown in the diagram of Figure 2(c). The *⇡⇡-type BNV coupling _
00

323, defined in
Eq. (1), is chosen to be non-vanishing, as it is predicted to be dominant under the minimal flavour violation
hypothesis [96]. Its value is chosen to be O(10�3

) to O(10�2
), which guarantees prompt decays for

electroweakino masses down to 180 GeV. The j̃
0
2 NLSP and the j̃

0
1 LSP are mass degenerate and decay

with a 100% branching ratio to C1B, thus possibly leading to a final state with two SS leptons and at least
six jets of which at least four 1-jets. Other electroweakino production modes do not lead to the final states
targeted by this search.

3 ATLAS detector

The ATLAS detector [15] is a multipurpose particle detector with a forward–backward symmetric cylindrical
geometry and a near 4c coverage in solid angle.1 It consists of an inner tracking detector surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadronic calorimeters,
and a muon spectrometer. The inner tracking detector (ID) covers the pseudorapidity range |[ | < 2.5.
It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors. An additional
layer of silicon pixels, the insertable B-layer [100, 101], was installed before Run 2. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high granularity.
A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range (|[ | < 1.7). The
endcap and forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy
measurements up to |[ | = 4.9. The muon spectrometer surrounds the calorimeters and is based on three
large superconducting air-core toroidal magnets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer (MS) includes a

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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Figure 13: Exclusion limits at 95% CL for the (a) ,⌘-mediated and the (b) ,/-mediated simplified model of wino
j̃
±

1 j̃
0
2 production. Observed (solid) and expected (dashed) limits on j̃

±

1 /j̃0
2 and j̃

0
1 masses. The red dotted lines

around the observed limit reflect the theoretical variation due to the signal cross-section uncertainty. The band around
the expected limits express the ±1f variation due to all uncertainties except theoretical uncertainties in the signal
cross-section. The grey region in (a) denotes the observed limits obtained in a previous search in the same channel
with 36.1 fb�1 of data [43].

Model-dependent exclusion limits have been extracted by performing a statistical interpretation of the
results also using the H���F����� package. The procedure to extract the limits is a model-dependent
fit, which performs hypothesis tests on the background-only hypothesis and the signal-plus-background
hypothesis. Both of the fits have been carried out simultaneously in all SRs designed for each model and for
each assumed benchmark point. The signal contribution to each region participating in the fit is taken into
account together with its uncertainty according to the model predictions. Following the CLs prescription,
the ?-values of the signal-plus-background hypothesis are tested against those of the background-only
hypothesis to extract the corresponding CLs values for each point. A signal point is considered excluded at
95% CL when such values fall below the 5% threshold.

The resulting expected and observed exclusion limit for the ,⌘ model is shown in Figure 13(a). All SRs
are statistically combined. The large ±1f uncertainty band of the expected limit, shown in Figure 13(a),
is almost entirely dominated by the statistical error on the signals from MC. The observed bounds are
stronger than the expected ones due to the deficit of data with respect to the SM background expectation
seen in SR,⌘

high�<T2
-3-``, as shown in Figure 10. However, this discrepancy falls within the 2f fluctuation

of the expected limit.

In the ,⌘ model, j̃±

1 j̃
0
2 masses are excluded up to about 525 GeV for a massless j̃

0
1 . On the other hand,

the exclusion for j̃0
1 masses reaches about 180 GeV for <( j̃

±

1 j̃
0
2) ' 400 GeV. The comparison with the

observed exclusion limits of the previous 36.1 fb−1 search [43] in the same channel, demonstrates the large
improvement of the reach of the current analysis.

The observed and expected exclusion limits for the ,/ model are shown in Figure 13(b), where two
orthogonal SRs, SR,/

high�<T2
and SR,/

low�<T2
, are statistically combined. The deficit of data events compared

to the SM expectation in SR,/
high�<T2

leads to the observed limits being more stringent than the expected
ones, as seen in Figure 12, yet within the 1f band of the latter. The uncertainty on the expected exclusion
limit is dominated by the FNP background determination, as observed in Figure 7. For <( j̃

0
1) < 1 GeV,
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• No deviations from SM predictions were 
observed

• For intermediate states including Wh (WZ), 
wino masses up to 525 GeV (260 GeV) are 
excluded, for a bino of vanishing mass
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Figure 14: Observed (black solid line) and expected (black dashed line) 95% CL exclusion limits as a function of
higgsino j̃

0
1 /j̃0

2 /j̃±

1 mass in the bilinear RPV model. The green (yellow) contours of the band around the expected limit
are the ±1f (±2f) variations including all uncertainties. The prediction for the theoretical production cross-section
is also shown (blue solid line) with its uncertainty (blue dotted lines).

j̃
±

1 /j̃0
2 masses in the interval 190–250 GeVare excluded. This is the first analysis in ATLAS with sensitivity

to the ,/ model in the two SS lepton channel.

The expected and observed production cross-section upper limits for light higgsinos in the bRPV model
can be seen in Figure 14 with the statistical combination of two orthogonal SRs, namely SRbRPV

2✓�SS and
SRbRPV

3✓ . By comparing the observed upper cross-section limits with the theoretical expected cross section,
higgsino j̃

0
1/j̃0

2/j̃±

1 masses smaller than 440 GeV are excluded assuming an inclusive higgsino production
and allowing all predicted sparticle decay modes. These are the first experimental constraints on bRPV
models with degenerate higgsino masses.

11 Conclusion

This paper presents a search for directly produced electroweak gauginos and higgsinos in events with
two electrons or muons of the same charge or three leptons based on a 139 fb�1 sample of

p
B = 13 TeV

proton–proton collisions collected by the ATLAS experiment at the LHC from 2015 to 2018. Events are
categorised according to the number of jets, 1-jets, the missing transverse momentum, the effective mass
and other relevant observables, improving substantially the sensitivity to specific '-parity-conserving and
'-parity-violating scenarios. No significant excess over the expected background is observed. Observed
95% CL limits on the visible cross-section are placed in the defined signal regions and constraints have
been set on the parameters of the simplified topologies and complete models considered. In a wino-bino
,⌘-mediated model, NLSP masses of up to 525 GeV have been excluded for a massless lightest neutralino,
extending considerably previous limits set by ATLAS [43] with a 36.1 fb�1 dataset and CMS [46] with a
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Higgsino masses 
smaller than        
440 GeV are 
excluded in bRPV

First experimental 
constraint on bRPV
models with degenerate 
higgsino masses. 
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Displaced vertices + jets
ATLAS-CONF-2022-054
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Figure 1: Diagrams showing production of a gluino pair (6̃6̃), in which each gluino decays into a pair of quarks
and a long-lived neutralino (j̃0

1), and a chargino-neutralino pair (j̃±
1 j̃

0
1). The j̃

±
1 and j̃

0
1 decay to three quarks via

the R-parity-violating coupling _

00
. For su�ciently small values of _

00
, the lifetime of the j̃

±
1 and j̃

0
1 becomes long

enough to give rise to decays which are significantly displaced from their production points.

the background yields are entirely derived in data, with individual contributions estimated from dedicated
control regions (CRs).

Similar searches have been performed previously by the ATLAS and CMS collaborations at
p
B = 7, 8 and

13 TeV [19–24]. This analysis significantly expands the limits given by previous ATLAS searches [21].
Novel techniques for the estimation of background processes that can produce a displaced vertex signal have
been developed, and sensitivity to RPV SUSY models predicting production of long-lived electroweakinos
is demonstrated for the first time.

2 ATLAS detector

The ATLAS detector [25, 26] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4c coverage in solid angle.1 It consists of an inner tracking
detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,
electromagnetic (EM) and hadron calorimeters, and a muon spectrometer. The inner tracking detector
covers the pseudorapidity range |[ | < 2.5. It consists of silicon pixel, silicon microstrip (SCT), and
transition radiation tracking (TRT) detectors. The pixel detector has four barrel layers and three disks in
each of the forward and backward regions. The barrel layers surround the beam pipe at radii of 33.3, 50.5,
88.5, and 122.5 mm, covering |[ | < 1.9. The pixel detector spans the radius range from 3 cm to 12 cm, the
SCT spans 30 cm to 52 cm, and the TRT spans 56 cm to 108 cm.

Lead/liquid-argon (LAr) sampling calorimeters provide EM energy measurements with high granularity. A
steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range |[ | < 1.7. The endcap and
forward regions are instrumented with LAr calorimeters for both the EM and hadronic energy measurements
up to |[ | = 4.9. The muon spectrometer surrounds the calorimeters and is based on three large air-core
toroidal superconducting magnets with eight coils each. The field integral of the toroids ranges between 2

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The
pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2).

3

• General search for heavy LLPs decaying in hadrons
• B-number violating RPV, gaugino->qqq
• Lifetime O(10) ns – decaying in the ID creating 

displaced verices (DV) with high mass and large track 
multiplicity

• DV reconstruction possible up to 300 mm thanks to dedicted 
track reconstruction – Large Radius Tracking
• Uses left-over hits after standard tracking with looser 

impact parameters constrains
• Dedicated secondary-vertex reconstruction algorithm
• Nearly background-free search 

• Small backgrounds from hadronic interactions and 
instrumental effects 
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Figure 9: Two-dimensional distribution of the invariant mass <DV and the track multiplicity for preselected DVs in
events which pass the (left) High-?T and (right) Trackless jet selection in data and signal MC. The shown numbers
correspond to the observed vertex yields in data, while the color-representation shows the expected signal yield of
two benchmark models. The dashed line represents the boundary of the signal region requirements.

Figure 10 shows expected and observed 95% CL exclusion limits on the mass and mean proper lifetime g of
a long-lived j̃

0
1 in gluino pair production events for a fixed m(6̃) = 2400 GeV. The expected and observed

95% CL exclusion limits on the mass of a long-lived pure-higgsino electroweakino triplet as a function of g
are shown in Figure 11. For a mean proper lifetime of 0.1 ns, masses below <( j̃0

1) ' 1.58 TeV are excluded
independently of the presence of a heavier gluino. The observed limit extends above <( j̃0

1) = 1.5 TeV
for a range of mean proper lifetimes between 0.03 ns and 1 ns. Stronger limits can be set when the j̃

0
1

is produced in the decay of a heavier 6̃. For j̃0
1 masses on the order of few hundred GeV and below, the

sensitivity decreases because of the sizeable Lorentz boost and the limited fiducial volume.

In addition, in Figure 12, 95% CL upper limits on the production cross section of these signals are shown
as a function of <(6̃) for various values of g. The limited variation as a function of <(6̃) is due to the fact
that the signal acceptance and e�ciency are relatively invariant in <(6̃) for the range considered here. For
g = 0.1 ns, cross-section upper limits set are below 40 ab.

Model-independent upper limits at 95% CL on the number of BSM events in the signal region are also
derived, assuming no significant contamination from alternate signal models in the CRs used to derive the
background predictions. Normalizing these limits by the integrated luminosity of the data sample, these
numbers can be interpreted as upper limits on the visible BSM cross section, denoted by fvis. This is
defined as the product of signal acceptance, reconstruction e�ciency, and production cross section, and the
results are given in Table 6.

Table 6: The observed data, expected background, observed ((95
obs) and expected ((95

exp) limits on the number of signal
events, and 95% CL upper limits on the visible cross section hfvisi95

obs.

Signal Region Observed Expected (
95
obs (

95
exp hfvisi95

obs [fb]

High-?T jet SR 1 0.46+0.27
�0.30 4.5 4.0+0.7

�1.4 0.032

Trackless jet SR 0 0.83+0.51
�0.53 3.3 4.4+0.6

�0.4 0.024
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Interpretation 17

‣ Results are interpreted in terms of the models considered for the analysis


‣ Both SRs fit simultaneously to set exclusion limits  
‣ CLS prescription, implemented in pyhf with toys
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‣ Stronger limits in strong production model‣ Observed limit above 1.5 TeV for lifetimes 
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Scalar leptoquarks in bττ final state 
ATLAS-CONF-2022-037

• Single scalar leptoquark production model
(+4/3e, F=3B + L = −2)

• Decays into 3rd generation: bτ
• First ATLAS result for such a  search 
• mLQ 0.4-2.4 TeV, λ 0.5-2.5 

(a) (b) (c)

Figure 1: Illustrative Feynman diagrams of single Leptoquark production modes from (a) quark-gluon fusion, (b) and
(c) quark-gluon scattering.

scalar Leptoquark to t⌧ final states have been completed with the full Run 2 dataset [15]. One search
at 36 fb�1 does target the LQ to ⌧b decay [16], but uses a di�erent signal model than that considered
in this analysis. Results with the ⌧⌧ plus jets final state for scalar Leptoquark pair production have also
been presented with 36 fb�1 of data [17]. Recent searches have not targeted the exact channel explored
in this analysis, which is designed with the single Leptoquark production in mind. Previous limits from
pair production of scalar third-generation Leptoquark decaying to b⌧ final states exclude Leptoquark with
masses below approximately 1-1.2 TeV [11, 17, 18].

The analysis strategy is to select a pair of opposite charged taus produced in association with a b-tagged
jet. The event selection is split into two channels based on the decay modes of the final state ⌧-lepton,
giving ⌧lep⌧had and ⌧had⌧had channels, where ⌧had refers to a hadronically decaying ⌧-lepton and ⌧lep to
a ⌧-lepton that decays into an electron or muon. The main backgrounds are from tt̄, single top-quark,
Z(! ⌧⌧)+jets and multi-jet events. The next sections discuss the ATLAS detector in Section 2, data
and simulated samples in Section 3, followed by the object reconstruction and definitions in Section 4.
Section 5 discusses the overall analysis strategy and event selection, then Section 6 goes into more details
on the background estimation methods. The systematic uncertainties are discussed in Section 7 followed
by the results in Section 8, with the conclusion in Section 9.

2 The ATLAS Detector

The ATLAS detector [19] at the LHC covers nearly the entire solid angle around the collision point.1 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadron calorimeters, and a muon spectrometer incorporating three large superconducting air-core toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |⌘ | < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit normally being in the insertable B-layer

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.
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Figure 6: Upper limits for (a) � = 1.0, (b) � = 1.7, (c) � = 2.5 on the cross-section times branching ratio of
singly-produced scalar Leptoquark signals from the combined ⌧lep⌧had and ⌧had⌧had channels. The red dashed curve
indicates the theoretical predictions at LO.
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Figure 7: Upper limits for (a) � = 1.0, (b) � = 1.7, (c) � = 2.5 on the cross-section times branching ratio
of scalar LQ+LQLQ signals from the combined ⌧lep⌧had and ⌧had⌧had channels. The red dashed curve indicates
the total theoretical predictions of singly-produced scalar Leptoquark (pair-produced scalar Leptoquark) at LO
(NNLO+NNLL).
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Figure 8: The 2D exclusion limits in the mLQ � � plane for singly-produced scalar Leptoquark (red lines) and
LQ+LQLQ (black lines). Regions to the left of the lines are excluded.
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No excess: 
m(LQ) < 1.26 TeV, 1.30 TeV and 1.41 TeV are excluded 
for Yukawa coupling to bτ of 1.0, 1.7 and 2.5, respectively
For the chosen LQ model, masses below 1.25 TeV are 
excluded for all λ above 0.5.  

CMS excess in similar analysis CMS-PAS-EXO-
19-016 => 3.4σ for LQ mass of 2 TeV and λ =2.5
but including t–channel
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Semi-visible jets, t-channel
ATLAS-CONF-2022-038

• Semi-visible jets in strongly-interacting dark sectors
• First for both experiments in t-channel (non-resonant) 
• The ratio of the rate of stable dark hadrons over the total 

number of hadrons in the event => Rinv (free parameter of the 
model)

• Reconstructed jets geometrically encompassing the dark 
hadrons => semi-visible jets (SVJ)

1 Introduction

Collider searches for Dark Matter (DM) until this date have mostly focussed on scenarios where DM
particles are produced in association with either heavy Standard Model (SM) particles, photons or jets.
However, no confirmed evidence of DM has been observed so far. Several models [1–4] have been proposed
that include a strongly-coupled dark sector, giving rise to unusual and unexplored collider topologies.
Semi-visible jets (SVJ) [5] is one such example, and a search for the C-channel production mode is presented
in this note. Searches for C-channel production modes allow to probe a broad class of non-resonant signals
and can potentially have higher mass reach, as they are not limited only to finding resonance peaks as
in the B-channel searches. A result in the B-channel production mode has been presented by the CMS
collaboration [6].

2 Theory model and event simulation

In the C-channel production mode, a scalar bi-fundamental mediator (�) acts as a portal between the SM
and dark sectors. It couples to a SM quark and a dark quark and mediates the production of dark quarks in
?? collisions, as shown in Fig. 1. The ratio of the rate of stable dark hadrons over the total number of
hadrons in the event is termed 'inv, which is a free parameter of the model. This results in reconstructed
jets geometrically encompassing the dark hadrons, termed semi-visible jets. At leading order the two SVJs
are back-to-back and the direction of the missing transverse momentum1 (⇢miss

T ) direction is aligned with
one of the two reconstructed jets. However, this signature is dominated by background events from dijet
processes. A boost by additional jets leads to signatures with the ⇢

miss
T not pointing necessarily in the

direction of one of the two SVJs, since both of them contribute to the ⇢
miss
T . On the contrary, for mutijet

processes the ⇢
miss
T typically originates from one severely mis-measured jet and therefore the ⇢

miss
T is more

aligned with the direction of one of the jets. As this is a signature of mis-measured jets in a detector, these
events are typically discarded in searches involving jets and ⇢

miss
T . Most searches use stringent selection

requirements to suppress the multijet background, which is why these scenarios are mostly unexplored at
the Large Hadron Collider (LHC).

q

q

�

HV

HV

�

�

qdark

qdark

Figure 1: Illustrative Feynman diagram and subsequent production mechanism of semi-visible jets via a C-channel
mediator, �, producing a pair of dark quarks, marked by @dark. HV denotes the P�����8 Hidden Valley module used
to simulate interactions connecting the dark sector with the SM sector, which produces a final state consisting of
SM hadrons and dark hadrons, governed by the 'inv fraction. The coupling strength of the @-@dark-� interaction is
denoted by _.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upward.
Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity
is defined in terms of the polar angle \ as [ = � ln tan(\/2). The transverse momentum is defined as ?T = ? sin \ = ?/cosh([).
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Figure 4: The post-fit yields in the nine-bins of the ( ?bal
T , |qmax � qmin | ) grid are shown for the SR (a), 1L CR (b),

1L1B CR (c), and 2L CR (d). Data is compared against background predictions, and six signal predictions covering a
representative mediator mass and invisible fraction range are overlaid. The uncertainties include all systematic and
statistical components.

Table 2: Scale factors for each background processes obtained from simultaneous fit using SR, 1L CR, 1L1B CR and
2L CR. Top processes denotes merged contributions from CC̄ and single top processes.

Process :
SF
8

/+jets 1.18 ± 0.05
,+jets 1.09 ± 0.04
Top processes 0.64 ± 0.04
Multijet 1.10 ± 0.04
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Figure 6: The 95% CL upper limit on the semi-visible jet production cross-section as a function of mediator mass are
shown for invisible fraction of 0.2 (a), 0.4 (b), 0.6 (c), and 0.8 (d). The green and yellow shaded bands correspond to
expected one and two standard deviation uncertainty respectively, with the expected central value shown by the red
dashed line. The solid black line is observed limit as a function of the mediator mass. The LO theory prediction (for
_ = 1) with the uncertainty band is shown by the blue line.
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• The first limits on the SVJ 𝑡-channel 
production for mediator masses ranging from 
1000–5000 GeV, and for Rinv of 0.2–0.8. 

• The observed limits increase from 2.4 TeV for 
Rinv = 0.2 to 2.7 TeV for Rinv = 0.8 
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• Several highlights presented from a broad ATLAS program searching for Physics 
Beyond the Standard Model:
• https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
• https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
• https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

• No large deviations from Standard Model observed yet 
• A lot of interesting results obtained with Run2 data, more to come
• Looking forward to taking more data with Run3 that recently started
• A discovery could be around the corner!

Summary

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Table 3: Optimised kinematic selections defining the signal region for `+`��+E
miss
T .

Two same flavour, opposite sign, medium ID and loose isolated leptons,
with leading pT > 27 GeV, sub-leading pT > 20 GeV

Veto events with additional lepton(s) with loose ID and pT > 10 GeV

76 GeV < m`` < 116 GeV

Only one tight ID, tight isolated photon with E
�
T > 25 GeV

E
miss
T > 60 GeV with ��( ÆEmiss

T , Æp ``�
T ) > 2.4 rad

m``� > 100 GeV

Njet  2, with p
jet
T > 30 GeV, |⌘ | < 4.5

Veto events with b-jet(s)

where E
�
T is the transverse energy of the photon. In addition, the scalar sum of the pT of all tracks located

within a distance �R = 0.2 of the photon candidate must be less than 0.05 ⇥ E
�
T [GeV].

Other selections are applied, which exploit the topology and kinematics of the signal events. A threshold on
E

miss
T was optimised to select signal events while rejecting the inclusive Z production. In addition, E

miss
T is

expected to be back-to-back with the (Z � �) system, leading to a requirement on the azimuthal separation
��( ÆEmiss

T , Æp ``�
T ) applied in the SR. Furthermore, events with more than 2 jets (with p

jet

T > 30 GeV,
|⌘ | < 4.5) are rejected to reduce contribution from V+jets processes. Finally, a veto on any b-tagged jet is
also applied to reduce processes with a top quark.

Depending on whether `+`� ⌘ (e+e
� or µ+µ�), events are categorised into two sub-regions, called

respectively e
+

e
�- and µ+µ�-channel. The expected signal and background composition in each SR, as

predicted from MC simulation, after all the optimisations, is shown in Table 4 . It should be noticed
that the VV background is dominated by the W Z process where the photon is the result of an electron
mis-identification while contributions from WW, Z Z are found to be negligible due to the very low
probability of jets to be mis-identified as photons. The VV� background is dominated by Z Z� and WW�
contributions from the ``⌫⌫� final state.

Table 4: Signal and background yields in the SR with statistical uncertainties. Signal events are for massless �d,
assuming BR(H ! ��d) = 5%. Events for background processes are categorised as Z� (QCD+EWK Z�), Z+jets
(QCD+EWK Z+jets), Top (single top-quark, Wt), tt̄ (tt̄, tt̄V, tt̄VV), Top� (Wt�), VV� (WW�,W Z�, Z Z�), VV

(WW,W Z, Z Z), SM Higgs (ggH,VH, VBF H) and W� (QCD+EWK W�).

Channel Signal Z� Z+jets Top tt̄ Top� VV� VV SM Higgs W� Total background

ee 19.3 ± 0.2 155 ± 15 274 ± 55 3.5 ± 0.7 25 ± 1 1.9 ± 0.1 26 ± 1 27 ± 1 0.41 ± 0.01 3.5 ± 1.5 517 ± 57

µµ 22.4 ± 0.2 283 ± 18 380 ± 63 4.6 ± 0.8 26 ± 1 2.4 ± 0.1 35 ± 1 24 ± 1 0.54 ± 0.01 1.6 ± 1.1 758 ± 66

In order to enhance the sensitivity of the search for �d signal, boosted decision tree (BDT) algorithm was
implemented using the XGBoost classifier [67]. For the training and testing, all the events entering the
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Dark photons from Higgs boson       
decays via ZH production ATLAS-CONF-2022-064

Background composition in the SR

Fake Emiss
T : Data-driven estimate from ABCD, shape from Zy, Z+jets, Vyy, Higgs related bkgs MC

e ! � : Pure data-driven estimate obtained rescaling data in probe-e CR event-by-event by e ! � fake-rate

VVy : MC normalized to data in CR, irreducible bkg

Top : pure MC, with 20% syst uncertainty derived from data/Bkg in CR

Higgs: pure MC ( VH(Zy), ttH(Zy) )

Wy : pure MC
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• Search for heavy scalar H from generic 2HDM 
(interpreted also in RPV SUSY)

• First search targeting BSM 3 top production and 
first with 2HDM with flavour violation 
• mH = [200 GeV, 1 TeV] 
• tFCNC vertices allowed with Yukawa-like 

couplings ρtt, ρtu, ρtc
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Figure 1: Signal diagrams for the dominant production and decay modes of the heavy scalar considered in the analysis.
The subsequent decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the
search. Single production through gluon fusion is not considered since the decay does not lead to the relevant final
state.
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Figure 2: Signal diagrams for the RPV SUSY signals used as additional interpretation in the analysis. The subsequent
decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the search.

anomaly [52], and can provide a successful explanation with di�erent choices of particles, masses, and
couplings [53–62]. The first model features electroweakino production (wino or Higgsino) which decays
via a lepton-number-violating RPV coupling of the LQD̄ type to a lepton and third-generation quarks. The
corresponding term in the superpotential has the form �0i33LiQ3D̄3, where i 2 2, 3 is a generation index,
and L, Q, D̄ are the lepton doublet, quark doublet, and down-type quark singlet superfields, respectively.
Relevant diagrams for the production and decay are shown in Figures 2(a) and 2(b). The second model
features direct smuon production decaying to a bino-like neutralino, which in turn decays via the same
RPV coupling (�0i33), as shown in Figure 2(c).
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Figure 9: Observed significance for a heavy scalar with a mass of 1000 GeV as a function of the three couplings
normalised to the sum of the couplings. This normalisation is performed in order to eliminate one degree of freedom
related to the total normalisation of the signal which is not relevant for the computation of the significance. The star
indicates the coupling configuration leading to the highest observed significance of 2.81 standard deviations.

In general, good agreement between the data and fitted signal-plus-background yields is found across all
event categories.

The systematic uncertainties with the largest impact on the signal strength originate from the modelling of
tt̄W with and without additional heavy flavour jets, tt̄Z , tt̄H, and tt̄tt̄ processes. The search is dominated
by statistical uncertainties.

Comparisons between data and the background prediction for the DNN
SB distributions used in the di�erent

SRs is shown in Figures 11 and 12. The binning used for the DNN
SB distributions in the di�erent SRs

represents a compromise between preserving enough discrimination in the fit between the background and
the signal for the di�erent values of the heavy H mass considered and keeping the statistical uncertainty
of the background prediction per bin well below 30%. The signal regions with the largest pre-fit tension
between data and the background yields (shown in the blue dashed line) at high values of the DNN

SB are the
2`SS ++ CAT tttq, the 2`SS ++ CAT tttt, the 2`SS ++ CAT sstt, and the 2`SS ++ CAT ttq regions. Within
this model, the �̂t t̄W remains higher than 1, as observed by other analyses. However, charge-asymmetric
tensions both at low and high jet and b-jet multiplicities are accommodated by the best fit g2HDM signal,
where the largest signal contributions in the 2`SS ++ CAT tttq and the 2`SS ++ CAT tttt regions originate
mainly from ttq and ttt processes (excess at high jet multiplicities), and the largest signal contributions in
the 2`SS ++ CAT sstt and the 2`SS ++ CAT ttq regions originate mainly from the corresponding targeted
signals sstt and ttq processes (excess at low jet multiplicities).

Exclusion limits on the heavy Higgs boson mass are set for di�erent choices of the couplings, as shown
in Figure 13. Masses of an additional scalar boson mH between 200-630 (200-840) GeV with couplings
⇢tt = 0.4, ⇢tc = 0.2, and ⇢tu = 0.2 are observed (expected) to be excluded at 95% confidence level. Limits
on the mass heavy Higgs boson mass are also set for a scenario without coupling to two top quarks, ⇢tt = 0,

25

processes studied here (sstt, ttq, ttt, tttq, tttt) is considered as a single signal template and its acceptance in
each category is predicted by the simulation.

The likelihood function L(µ, Æ�, Æ✓) is constructed as a product of Poisson probability terms over all bins
considered in the search, and depends on the signal-strength parameter, µ, a multiplicative factor applied
to the predicted yield for the g2HDM signal (depending on the coupling configuration ⇢tt , ⇢tc, ⇢tu and
on the assumed mass mH (mA)), Æ�, the normalisation factors for several backgrounds (see Section 6),
and Æ✓, a set of nuisance parameters (NP) encoding systematic uncertainties in the signal and background
expectations [133]. Systematic uncertainties can impact the estimated signal and background rates, the
migration of events between categories, and the shape of the fitted distributions; they are summarised in
Table 6. Both µ and Æ� are treated as free parameters in the likelihood fit. The NPs Æ✓ allow variations of
the expectations for signal and background according to the systematic uncertainties, subject to Gaussian
or Poisson constraints in the likelihood fit. Their fitted values represent the deviations from the nominal
expectations that globally provide the best fit to the data. Statistical uncertainties in each bin due to
the limited size of the simulated samples are taken into account by dedicated parameters using the
Beeston–Barlow “lite” technique [134].

The test statistic qµ is defined as the profile likelihood ratio: qµ = �2 ln(L(µ, Æ̂�µ, Æ̂✓µ)/L(µ̂, Æ̂�µ̂, Æ̂✓µ̂)), where
µ̂, Æ̂�µ̂, and Æ̂✓µ̂ are the values of the parameters that maximise the likelihood function, and Æ̂�µ and Æ̂✓µ are the
values of the parameters that maximise the likelihood function for a given value of µ. The test statistic qµ

is evaluated with the RooFit package [135]. A related statistic is used to determine the probability that the
observed data are incompatible with the background-only hypothesis (i.e. the discovery test) by setting
µ = 0 in the profile likelihood ratio (q0). The p-value (referred to as p0) representing the probability of the
data being compatible with the background-only hypothesis is estimated by integrating the distribution
of q0 from background-only pseudo-experiments, approximated using the asymptotic formulae given in
Ref. [136], above the observed value of q0. Some model dependence exists in the estimation of the p0,
as a given signal scenario needs to be assumed in the calculation of the denominator of q0, even if the
overall signal normalisation is allowed to float and is fit to data. The observed p0 is checked for each
explored signal scenario. Upper limits on the signal production cross section for each of the signal scenarios
considered are derived by using qµ in the CLs method [137, 138]. For a given signal scenario, values of
the production cross section (parameterised by µ) yielding CLs < 0.05, where CLs is computed using the
asymptotic approximation [136], are excluded at � 95% confidence level (CL).

The smallest p0 value is observed when assuming a signal with mH = 1000 GeV and (⇢tt=0.32, ⇢tc=0.05,
and ⇢tu=0.85), corresponding to a local significance of 2.81standard deviations. The signal cross section
resulting from the fit to data for this g2HDM signal hypothesis is 138 fb, with fractional contributions of
71% ttq, 20% sstt, and 9% ttt. Figure 9 shows the local significance as a function of the three couplings
normalised to the sum of the couplings. This normalisation is performed in order to eliminate one degree
of freedom related to the total normalisation of the signal, which is not relevant for the computation of the
significance.

A comparison of the distributions of observed and expected yields is shown Figure 10(a) for the 17
SRs, and Figure 10(b) for the 10 CRs, after the combined likelihood fit for the signal-plus-background
hypothesis. The corresponding post-fit yields for the SRs can be found in Tables 7, 8, and 9 for the 2`SS
positively-charged, 2`SS negatively-charged, and 3` and 4` SRs, respectively. The signal shown in the
figures and tables is the g2HDM signal with couplings ⇢tt=0.32, ⇢tc=0.05, and ⇢tu=0.85, and mass of
1000 GeV, which corresponds to the largest observed significance above the background only hypothesis.
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Figure 13: Observed and expected exclusion limits at 95% confidence level on the heavy Higgs boson mass for the
g2HDM signal model for di�erent couplings choices: (a) ⇢tt = 0, ⇢tc = 0.2, ⇢tu = 0.2, (b) ⇢tt = 0.4, ⇢tc = 0.2,
⇢tu = 0.2, and (c) ⇢tt = 1, ⇢tc = 0, ⇢tu = 0. The yellow and green contours of the band around the expected limit
are the ±1� and ±2� variations including all uncertainties, respectively. The theoretical prediction for the signal
production cross section is also shown as a red line. The production cross section is the sum of the five production
modes considered in the search.
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Figure 1: Signal diagrams for the dominant production and decay modes of the heavy scalar considered in the analysis.
The subsequent decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the
search. Single production through gluon fusion is not considered since the decay does not lead to the relevant final
state.
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Figure 2: Signal diagrams for the RPV SUSY signals used as additional interpretation in the analysis. The subsequent
decay can lead to a final state with high multiplicity of leptons and b-jets which is targeted by the search.

anomaly [52], and can provide a successful explanation with di�erent choices of particles, masses, and
couplings [53–62]. The first model features electroweakino production (wino or Higgsino) which decays
via a lepton-number-violating RPV coupling of the LQD̄ type to a lepton and third-generation quarks. The
corresponding term in the superpotential has the form �0i33LiQ3D̄3, where i 2 2, 3 is a generation index,
and L, Q, D̄ are the lepton doublet, quark doublet, and down-type quark singlet superfields, respectively.
Relevant diagrams for the production and decay are shown in Figures 2(a) and 2(b). The second model
features direct smuon production decaying to a bino-like neutralino, which in turn decays via the same
RPV coupling (�0i33), as shown in Figure 2(c).

3

Table 4: Event selection summary in the control regions. The notation e
⇤ is used to denote material conversion or

internal conversion candidates, as described in Section 4. In the HF non-prompt lepton region naming, “2`SStt(e)”
(“2`SStt(µ)”) refer to the control regions enriched in non-prompt electrons (muons) from semileptonic b-decays
originating mostly from tt̄ and with the lepton flavours for the leading and subleading leptons corresponding to “ee, µe”
(“µµ, eµ”). The additional (T,Mex), (Mex,T), and (Mex,Mex) subscripts refer to the lepton definitions required for the
leading and subleading leptons in each region.

Control regions WZ tt̄Z Conversions HF non-prompt

Njets 2 or 3 � 4 � 0 � 2

Nb�jets � 1 b
60% || � 2 b

77% 0 b
77% 1 b

77%

Lepton requirement 3` µµe⇤ 2`SS

Lepton definition (L,M,M) (T,Mex) || (Mex,T) || (Mex,Mex)

Lepton pT [GeV] (10, 20, 20) (20, 20)

m
OS�SF
`+`� [GeV] >12 >12 –

|m
OS�SF
`+`� � mZ | [GeV] <10 >10 –

|m``` � mZ | [GeV] – <10 –

mT (`0, E
miss
T ) [GeV] – < 250

Region split – – internal / material subleading e/µ ⇥ [(T,Mex), (Mex,T), (Mex,Mex)]

Region naming 3`VV 3`ttZ 3`IntC 2`tt(e)(T,Mex), 2`tt(e)(Mex,T ), 2`tt(e)(Mex,Mex)

3`MatC 2`tt(µ)(T,Mex), 2`tt(µ)(Mex,T ), 2`tt(µ)(Mex,Mex)

Table 5: Input variables to the training of the DNN
cat and DNN

SB discriminants.

Variable DNN
cat

DNN
SB

Number of jets (Njets) 3 3
Sum of pseudo-continuous b-tagging scores of jets 3 3
Pseudo-continuous b-tagging score of 1st, 2nd, 3rd leading jet in pT 3 3
Sum of pT of the jets and leptons (HT, jets , HT,lep) 3 3
Angular distance of leptons (sum in the case of 3` and 4`) 3 3
Missing transverse energy 3 3
Leading transverse momentum of jet - 3
Invariant mass of leading lepton and missing transverse energy - 3
Di/tri/quad-lepton type variable (associated to the number of electrons/muons in event) - 3

available phase-space.

A total of 27 analysis regions are defined, with 17 signal regions (10 with 2`SS, 6 with 3`, and one 4`) and
10 control regions. In each region, a given kinematic variable is fit to improve the sensitivity to the targeted
signal process (signal regions) or to improve the modelling of a particular background process (control
regions).

A DNN
SB classifier is trained in each signal region to separate the targeted signal from the sum of

backgrounds. The networks consist of 12 input features, two dense fully-connected layers of 36 and 48
nodes respectively with sigmoid activation functions, interleaved with a drop-out layer with 40% rate,
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Table 3: Event selection summary in the signal regions. Leptons are ordered by pT in the 2`SS and 4` regions. In the
3` regions the lepton with opposite-sign charge is taken first, followed by the two same-sign leptons in pT order. In
the lepton selection, T, M, L stand for Tight, Medium and Loose lepton definitions. In the region naming, the “CAT
ttX” denotes the category based on the DNN

cat output enriched in the signal process “ttX”. Each of these regions is
split according to the lepton charge of the same-sign lepton pair (“++” or “- -”).

Lepton category 2`SS 3` 4`

Lepton definition
(T,T) with � 1 b

60% || (L,T,M) with � 1 b
60% ||

(L, L, L, L)
(T,M) with � 2 b

77%
(L,M,M) with � 2 b

77%

Lepton pT [GeV] (20, 20) (10, 20, 20) (10, 10, 10, 10)

m
OS�SF
`+`� [GeV] – >12

|m
OS�SF
`+`� � mZ | [GeV] – >10

Njets � 2

Nb�jets � 1 b
60% || � 2 b

77%

Region split (sstt, ttq, ttt, tttq, tttt) ⇥ (Q++,Q��) (ttt, tttq, tttt) ⇥ (Q+,Q�) –

Region naming 2`SS ++ CAT sstt 3` ++ CAT ttt 4`

2`SS ++ CAT ttq 3` ++ CAT tttq

2`SS ++ CAT ttt 3` ++ CAT tttt

2`SS ++ CAT tttq 3` �� CAT ttt

2`SS ++ CAT tttt 3` �� CAT tttq

2`SS �� CAT sstt 3` �� CAT tttt

2`SS �� CAT ttq

2`SS �� CAT ttt

2`SS �� CAT tttq

2`SS �� CAT tttt

signal events in the evaluation, cross-training is used with the events divided by even/odd event number.

Since several of the probed signal processes are expected to be charge-asymmetric, all the 2`SS and 3`
regions are further split into two categories each corresponding to the positive and negative total lepton
charge selections. Figures 4(a) and 4(b) show the normalized distributions of the targeted signals with
a scalar mass of 400 GeV or 1000 GeV, compared to the expected background distribution across the
various categories described in Table 3. At high signal mass, a strong migration is observed from the
ttt to the tttq category, due to the high probability of additional radiation. Figures 4(c) and 4(d) show
the expected fractional signal contribution in each category for the benchmark coupling. The signals
originating from top-Higgs associated production (ttq and ttt) are expected to dominate across all regions,
including the categories designed to target other processes, due to the much larger production cross section.
This contribution is however strongly dependent on the coupling choice. For the benchmark coupling
of ⇢tt = 0.4, ⇢tc = 0.2, ⇢tu = 0.2, the decay to top-quark pairs dominates when not suppressed by the
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Figure 3: Illustrative sketch of the definition of the signal and control regions. At the bottom of each region box the
corresponding observable used in the simultaneous fit as described in Section 8 is shown.

and one output node with a sigmoid activation function. The 12 input features are the leading jet pT,
number of muons, transverse mass of leading lepton and E

miss
T system, and the nine variables that are

used in the DNN
cat. Table 5 summarises the input variables used for each multivariate discriminant. In

order to achieve good sensitivity over the large range of masses that are tested, the output of the classifier
is decorrelated from the signal mass introducing an additional term to the loss function via distance
correlation [121, 122]. A hyperparameter � controls the weight of the additional penalty term, with a value
of � = 0.5. The value was optimised to achieve a minimal signal mass dependence without compromising
the discrimination power. A separate training is performed in each lepton category and signal category.
The same DNN

SB is used in both positive- and negative-charge regions. Figure 5 shows the DNN
SB

distribution of the targeted signal in each signal-enriched category, the total signal, and the background
in the 2`SS ++ CAT sstt, 2`SS ++ CAT ttq, 3` ++ CAT ttt, 3` ++ CAT tttq, 3` ++ CAT tttt, and 4`
categories.

In the diboson and tt̄Z control regions the fitted variable is Nb�jets, where the distribution is binned with an
upper limit of � 2 b-jets and � 3 b-jets respectively. The subleading lepton pT spectrum is used in the HF
non-prompt control regions. Finally, the total event yield is fit in the control regions enriched in electrons
from photon conversion.
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Figure 14: Observed (solid line) and expected (dashed line) exclusion limits on the scalar mass as a function of the
coupling under di�erent assumptions: (a) ⇢tc = ⇢tu , (b) ⇢tu = 0, (c) ⇢tc = 0, and (d) ⇢tt = 0.
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Table 2: Topological and kinematic selections for each channel and category as described in the text. (⇤) Applies in
the case of only two central jets. (⇤⇤) Applied only for the , 0 search. (†) A higher threshold (80 GeV) is used for the
single-electron channel. (††) Applied only for <+ ⌘ > 320 GeV. (‡‡) Only the two leading VR track-jets matched by
ghost-association to the large-' jet are considered when classifying events into 1-tag categories. Events are further
classified according to the number of 1-tagged jets in the events.

Variable Resolved Merged

Common selection

Number of jets
�2 small-' jets (0, 2-lep.) �1 large-' jet

2 or 3 small-' jets (1-lep.) � 1 VR track-jets (matched to leading large-' jet)‡‡

Leading jet ?T [GeV] > 45 > 250

<⌘ [GeV] 110–140 (0,1-lep.), 100–145 (2-lep.) 75–145

0-lepton selection

⇢
miss
T [GeV] > 150 > 200

(T [GeV] > 150 (120⇤) –

�q 9 9 < 7c/9 –

?
miss
T [GeV] > 60

�q( Æ⇢miss
T , Æ?miss

T ) < c/2
�q( Æ⇢miss

T , ⌘) > 2c/3
min

h
�q( Æ⇢miss

T , small-' jet)
i

> c/9 (2 or 3 jets), > c/6 (� 4 jets)

#ghad
0 ( 1⇤⇤)

⇢
miss
T significance S

8>>><
>>>:

> 9 if <+ ⌘ < 240 GeV,

> 6.6 + 0.01 · <+ ⌘ if 240 GeV  <+ ⌘ < 700 GeV,

> 13.6 if <+ ⌘ > 700 GeV,

1-lepton selection

Leading lepton ?T [GeV] > 27 > 27

⇢
miss
T [GeV] > 40 (80†) > 100

?T,, [GeV] > max
h
150, 710 � (3.3 · 105 GeV)/<+ ⌘

i
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⇥
150, 394 · log(<+ ⌘/(1 GeV)) � 2350

⇤
<T,, [GeV] < 300

�'(✓, ⌘) > 2.0

2-lepton selection
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⇢
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T /

p
�T [

p
GeV] < 1.15 + 8 ⇥ 10�3 · <+ ⌘/(1 GeV)

?T,✓✓ [GeV] > 20 + 9 ·
p
<+ ⌘/(1 GeV) � 320

††

<✓✓ [GeV] 2
h
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⇤
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i
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Figure 8: Upper limits at the 95% CL on the product of the cross section for pp ! /
0 and the branching fraction to

/⌘ from the combination of the 0-lepton (0L) and 2-lepton (2L) channels (a) and on the product of the cross section
for pp !,

0 and the branching fraction to ,⌘ from the combination of the 0-lepton and 1-lepton (1L) channels (b).
For the /

0 and ,
0 search, the branching fraction of ⌘ ! 11̄, 22̄ is assumed to be 0.598.
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Figure 9: Upper limits at the 95% CL on the product of the cross section for (a) 66 ! � and (b) 11̄ ! � and their
respective branching fraction to /⌘ from the combination of the 0-lepton (0L) and 2-lepton (2L) channels. For
the 66 ! � search, the possible signal components of the data are interpreted assuming pure gluon–gluon fusion
production. For both searches, a branching fraction of 0.569 for ⌘ ! 11̄ [124] is assumed.

are used to set 95% CL exclusion contours in the HVT parameter plane {6F, 6H}8 [125]. Exclusion
contours are shown in Figure 10 for resonance masses of 2, 3 and 4 TeV. The constraints on 6F and 6H are
stronger for large coupling parameter values and become weaker as these coupling parameters approach
zero. This is because the resonance couplings to +⌘ vanish as the 6H parameter reaches zero, while for
6F = 0 the /

0 and ,
0 production cross sections in the quark–antiquark annihilation mode become zero.

Figure 11 shows the expected and observed two-dimensional likelihood scans of the 1-associated production
cross section times branching fraction ⌫(� ! /⌘) versus the gluon–gluon fusion production cross section

8 The coupling constants 6H and 6F are related to those in Ref. [12] as follows: the Higgs boson coupling is 6H = 6V2H and the

universal fermion coupling is 6F = 6
2
2F/6V, where 6 is the SM SU(2)L gauge coupling.
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Two Higgs Doublet Model (2HDM) 

• Generic class with second Higgs doublet. Four variants to couple 
SM fermions to the 2HDs (no FCNCs): 
• Type I: all quarks and leptons couple to only one doublet 
• Type II: one doublet couples to up-type quarks, the other to 

down-type quarks and leptons: „MSSM-like”
• Lepton-specific: couplings to quarks as in the Type I model 

and to leptons as in Type II
• Flipped: couplings to quarks as in the Type II model and to 

leptons as in Type I

• 5 Higgs bosons: h, H, A, H+, H-

• Free parameters: tanβ (ratio between the vevs of the doublets), 
α (mixing angle between h and H) and mA

• Minimal Supersymmetric SM (MSSM) is a special case of 2HDM:
• “type II” with fixed α
• numerous benchmark models:  hMSSM, mh

mod+, etc.

• SM Higgs results give big constraints on 2HDM. Data prefers 
alignment limit: cos(β- α)=0 – h recovers properties of the SM 
Higgs

Phys. Rev. D 101 (2020) 012002
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Table 1: Signal region definitions designed for the ,⌘ model. The variables are defined in the text.

SR,⌘
high�<T2

SR,⌘
low�<T2

4
±
4
±

4
±
`
±

`
±
`
±

4
±
4
±

4
±
`
±

`
±
`
±

#BL(✓) = 2
#Sig(✓) = 2
Charge(✓) same-sign
?T(✓) � 25 GeV
=jets (?T > 25 GeV) � 1
=1-jets = 0
<jj < 350 GeV
<T2 � 80 GeV < 80 GeV
<

min
T – � 100 GeV

S(⇢
miss
T ) � 7 � 6

⇢
miss
T � 75 GeV � 50 GeV

⇢
miss
T binning (GeV)a

SR,⌘
high�<T2

-1: 2 [75, 125)
SR,⌘

high�<T2
-2: 2 [125, 175) –

SR,⌘
high�<T2

-3: 2 [175, +1)

a The ⇢
miss
T binning applies separately to each flavour channel of SR,⌘

high�<T2
.

The ‘stransverse mass’, <T2, is an event variable used to bound the masses of an unseen pair of particles
which are presumed to have decayed semi-invisibly into particles which were seen. Therefore, it is defined
as a function of the momenta of two visible particles and the pmiss

T of the event:

<T2 = min
qT

h
max

⇣
<T,✓1 (pT,✓1 , qT ),<T,✓2 (pT,✓2 , pmiss

T � qT )

⌘i
, (2)

where pT,✓1 and pT,✓2 are the transverse momenta of the two leading leptons, and qT is the transverse
momentum vector that minimises the larger of the two transverse masses <T,✓1 and <T,✓2 . The latter masses
are defined as

<T(pT , qT ) =
p

2(?T@T � pT · qT ). (3)

In this analysis, the invisible particle mass is always set to zero when calculating the event <T2.

For the ,⌘ and ,/ models, requiring the invariant mass of the two leading jets, <jj, to be less than
350 GeV5, proved to be efficient in reducing the ,±

,
± background. The minimum transverse mass, <min

T ,
between the two leading leptons and the pmiss

T is used to recover the sensitivity which would be otherwise
lost if only high <T2 were considered. The ⇢

miss
T and its significance, S(⇢

miss
T )

6 [188], which quantifies
the robustness of the ⇢

miss
T values against object mis-measurements in events lacking a genuine source of

⇢
miss
T , are also used aiming at the large ⇢

miss
T induced by the (invisible) LSP in RPC scenarios. The angular

distance between the two SS leptons, �'(✓±, ✓±), is used only for the ,/ model since the SS leptons are

5 If the event has only one jet, <jj was set to zero.
6
S(⇢

miss
T ) =

|⇢miss
T |

2

f2
! (1�d

2
!) )

, with f
2
! the total variance in the longitudinal direction along pmiss

T and d
2
!) the correlation between

the longitudinal and transverse resolutions of the objects.
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Table 2: Signal region definitions designed for ,/ model. The variables are defined in the text.

SR,/
high�<T2

SR,/
low�<T2

#BL(✓) = 2
#Sig(✓) = 2

Charge(✓) same-sign
?T(✓) � 25 GeV

=jets (?T > 25 GeV) � 1
=1-jets = 0
<jj  350 GeV
<T2 � 100 GeV  100 GeV
<

min
T � 100 GeV � 130 GeV

⇢
miss
T � 100 GeV � 140 GeV
<eff –  600 GeV

�'(✓±, ✓±) –  3

Bins

S(⇢
miss
T ): 2 [0, 10)

–
Spread(�) � 2.2

S(⇢
miss
T ): 2 [10, 13)

S(⇢
miss
T ): 2 [13, +1]

�'(✓±, ✓±) � 1

Table 3: Signal region definitions designed for bRPV model. The variables are defined in the text.

SRbRPV
2✓�SS SRbRPV

3✓

#BL(✓) –
?T (✓) � 20 GeV for (sub)leading leptons

=jets (?T > 25 GeV) � 1
#Sig(✓) = 2 = 3

Charge(✓) same-sign –
<T2 � 60 GeV � 80 GeV
⇢

miss
T � 100 GeV � 120 GeV
<eff – � 350 GeV
=1-jets = 0 –

=jets (?T > 40 GeV) � 4 –
<4±4⌥ , <`±`⌥ – 8 [81, 101] GeV

coming from two decay legs and should not be too separated when the mass of the SUSY particles are
similar.

A multi-bin strategy is applied in the SRs for the two wino-bino models using the ⇢
miss
T and the SS

lepton-pair flavour or S(⇢
miss
T ) to maximise the sensitivity across the model phase space. For the bins
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Figure 12: Expected SM background and data yields in the SRs optimised for the ,/ and bRPV model. The SM
prediction is taken from the background-only fit. The ‘Other’ category contains the CC̄+�, rare top, triboson, and
other diboson processes with the SS final state. The total uncertainties in the expected event yields are shown as the
hashed bands. The bottom panel shows the statistical significance [191] of the discrepancy between the observed
number of events and the SM expectation.
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Marco Aparo - University of Sussex 7/46 SS/3L: SUSY approval

Analysis strategy: background estimation

Same-sign 2L/3L from direct production of 
winos and higgsinos ATLAS-CONF-2022-057
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Figure 13: Exclusion limits at 95% CL for the (a) ,⌘-mediated and the (b) ,/-mediated simplified model of wino
j̃
±

1 j̃
0
2 production. Observed (solid) and expected (dashed) limits on j̃

±

1 /j̃0
2 and j̃

0
1 masses. The red dotted lines

around the observed limit reflect the theoretical variation due to the signal cross-section uncertainty. The band around
the expected limits express the ±1f variation due to all uncertainties except theoretical uncertainties in the signal
cross-section. The grey region in (a) denotes the observed limits obtained in a previous search in the same channel
with 36.1 fb�1 of data [43].

Model-dependent exclusion limits have been extracted by performing a statistical interpretation of the
results also using the H���F����� package. The procedure to extract the limits is a model-dependent
fit, which performs hypothesis tests on the background-only hypothesis and the signal-plus-background
hypothesis. Both of the fits have been carried out simultaneously in all SRs designed for each model and for
each assumed benchmark point. The signal contribution to each region participating in the fit is taken into
account together with its uncertainty according to the model predictions. Following the CLs prescription,
the ?-values of the signal-plus-background hypothesis are tested against those of the background-only
hypothesis to extract the corresponding CLs values for each point. A signal point is considered excluded at
95% CL when such values fall below the 5% threshold.

The resulting expected and observed exclusion limit for the ,⌘ model is shown in Figure 13(a). All SRs
are statistically combined. The large ±1f uncertainty band of the expected limit, shown in Figure 13(a),
is almost entirely dominated by the statistical error on the signals from MC. The observed bounds are
stronger than the expected ones due to the deficit of data with respect to the SM background expectation
seen in SR,⌘

high�<T2
-3-``, as shown in Figure 10. However, this discrepancy falls within the 2f fluctuation

of the expected limit.

In the ,⌘ model, j̃±

1 j̃
0
2 masses are excluded up to about 525 GeV for a massless j̃

0
1 . On the other hand,

the exclusion for j̃0
1 masses reaches about 180 GeV for <( j̃

±

1 j̃
0
2) ' 400 GeV. The comparison with the

observed exclusion limits of the previous 36.1 fb−1 search [43] in the same channel, demonstrates the large
improvement of the reach of the current analysis.

The observed and expected exclusion limits for the ,/ model are shown in Figure 13(b), where two
orthogonal SRs, SR,/

high�<T2
and SR,/

low�<T2
, are statistically combined. The deficit of data events compared

to the SM expectation in SR,/
high�<T2

leads to the observed limits being more stringent than the expected
ones, as seen in Figure 12, yet within the 1f band of the latter. The uncertainty on the expected exclusion
limit is dominated by the FNP background determination, as observed in Figure 7. For <( j̃

0
1) < 1 GeV,
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10 Interpretation

Model-independent upper limits on the number of BSM events for each SR are derived using the
CLs prescription [201, 202] and neglecting any possible contamination in the control regions. The
H���F����� [190] framework is used for the statistical interpretation of the results. In order to quantify the
probability for the background-only hypothesis to fluctuate to the observed number of events or higher, a
one-sided ?0-value is calculated using pseudo-experiments, where the profile likelihood ratio is used as
a test statistic [189] to exclude the signal-plus-background hypothesis. Normalisation to the integrated
luminosity of the data sample allows the interpretation in terms of upper limits on the visible BSM cross
section, defined as the product of acceptance, reconstruction efficiency and production cross-section.

The number of observed events and the background expectation in each SR are used to set an upper limit
on the number of events from any BSM physics scenario. The model-independent upper limits at 95%
confidence level (CL) on the visible cross section, hnfi95

obs, for the the ,⌘, ,/ and bRPV models are
presented in Table 7. Also listed are the 95% CL upper limits on the number of signal events (95

obs, as well
as the expected 95% CL upper limit on the number of signal events, (95

exp. The last two columns indicate the
CLb value and the discovery ?-value, ?0 (?(B) = 0), with the corresponding gaussian significance / . The
CLb provides a measure of compatibility of the observed data with the 95% CL signal strength hypothesis
relative to fluctuations of the background, and ?0 measures the compatibility of the observed data with the
background-only (zero signal strength) hypothesis relative to fluctuations of the background. Larger values
indicate greater relative compatibility.

For SR,/
high�<T2

, SRbRPV
2✓�SS and SRbRPV

3✓ , ?0 is capped at 0.5, since the predictions exceed the data. In all
other SRs the significances are low, with no excess over the background being observed. The most stringent
observed limit is from SR,/

low�<T2
, where visible cross sections larger than 0.04 fb are excluded; the same

limit is obtained in some UDD RPV SRs in Table 9.

Table 7: Model-independent statistical analysis for SRs optimised for the ,⌘, ,/ and bRPV models: 95% CL upper
limits on the visible cross section, hnfi95

obs, and on the number of signal events (95
obs. The (

95
exp is the expected 95%

CL upper limit on the number of signal events, given the the expectation (and ±1f variations) of background events.
The last two columns report the CLb value for the background-only hypothesis, the one-sided ?0-value and the local
significance / (the number of equivalent Gaussian standard deviations).

Signal channel hnfi
95
obs [fb] (

95
obs (

95
exp CLb ?0 (/)

SR,⌘
high�<T2

0.28 39.3 33.9+14.3
�10.0 0.66 0.34 (0.41)

SR,⌘
low�<T2

0.24 33.0 29.5+11.7
�8.8 0.63 0.33 (0.43)

SR,/
high�<T2

0.13 18.7 24.4+6.8
�5.0 0.12 0.50 (0.00)

SR,/
low�<T2

0.04 5.9 4.4+1.8
�0.8 0.81 0.22 (0.76)

SRbRPV
2✓�SS 0.16 22.6 25.8+7.9

�5.8 0.29 0.50 (0.00)
SRbRPV

3✓ 0.44 61.4 93.0+56.0
�20.3 0.02 0.50 (0.00)
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Figure 13: Exclusion limits at 95% CL for the (a) ,⌘-mediated and the (b) ,/-mediated simplified model of wino
j̃
±

1 j̃
0
2 production. Observed (solid) and expected (dashed) limits on j̃

±

1 /j̃0
2 and j̃

0
1 masses. The red dotted lines

around the observed limit reflect the theoretical variation due to the signal cross-section uncertainty. The band around
the expected limits express the ±1f variation due to all uncertainties except theoretical uncertainties in the signal
cross-section. The grey region in (a) denotes the observed limits obtained in a previous search in the same channel
with 36.1 fb�1 of data [43].

Model-dependent exclusion limits have been extracted by performing a statistical interpretation of the
results also using the H���F����� package. The procedure to extract the limits is a model-dependent
fit, which performs hypothesis tests on the background-only hypothesis and the signal-plus-background
hypothesis. Both of the fits have been carried out simultaneously in all SRs designed for each model and for
each assumed benchmark point. The signal contribution to each region participating in the fit is taken into
account together with its uncertainty according to the model predictions. Following the CLs prescription,
the ?-values of the signal-plus-background hypothesis are tested against those of the background-only
hypothesis to extract the corresponding CLs values for each point. A signal point is considered excluded at
95% CL when such values fall below the 5% threshold.

The resulting expected and observed exclusion limit for the ,⌘ model is shown in Figure 13(a). All SRs
are statistically combined. The large ±1f uncertainty band of the expected limit, shown in Figure 13(a),
is almost entirely dominated by the statistical error on the signals from MC. The observed bounds are
stronger than the expected ones due to the deficit of data with respect to the SM background expectation
seen in SR,⌘

high�<T2
-3-``, as shown in Figure 10. However, this discrepancy falls within the 2f fluctuation

of the expected limit.

In the ,⌘ model, j̃±

1 j̃
0
2 masses are excluded up to about 525 GeV for a massless j̃

0
1 . On the other hand,

the exclusion for j̃0
1 masses reaches about 180 GeV for <( j̃

±

1 j̃
0
2) ' 400 GeV. The comparison with the

observed exclusion limits of the previous 36.1 fb−1 search [43] in the same channel, demonstrates the large
improvement of the reach of the current analysis.

The observed and expected exclusion limits for the ,/ model are shown in Figure 13(b), where two
orthogonal SRs, SR,/

high�<T2
and SR,/

low�<T2
, are statistically combined. The deficit of data events compared

to the SM expectation in SR,/
high�<T2

leads to the observed limits being more stringent than the expected
ones, as seen in Figure 12, yet within the 1f band of the latter. The uncertainty on the expected exclusion
limit is dominated by the FNP background determination, as observed in Figure 7. For <( j̃

0
1) < 1 GeV,
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Displaced vertices + jets
ATLAS-CONF-2022-054

Table 2: Summary of the signal region selections. The G in the =Gjet/trackless jet notation refers to the jet ?T threshold in
GeV. All jets are required to have |[ | < 2.5.

Signal Region High-?T jet SR Trackless jet SR

=
250
jet � 4 or =195

jet � 5 or Fail high-?T jet selection,
Jet selection =

116
jet � 6 or =90

jet � 7 =
137
jet � 4 or =101

jet � 5 or
=

83
jet � 6 or =55

jet � 7,
=

70
trackless jet � 1 or =50

trackless jet � 2

'DV < 300 mm, |IDV | < 300 mm,
DV pre-selection min( |ÆA⇡+ � ÆA%+ |) > 4 mm, j2/=DoF < 5,

=
DV
Selected tracks � 2, pass material map veto

=
DV
Tracks � 5

<DV >10 GeV

the total e�ciency of the high-?T jet SR ranges from 50-80% for <( j̃0
1) = 200 GeV to <( j̃0

1) = 1250 GeV
with <(6̃) = 2.6 TeV and g( j̃0

1) = 0.1 ns. The total e�ciency of the trackless jet SR ranges from 7-40%
for the EWK RPV model with <( j̃0

1) = 300 GeV to <( j̃0
1) = 700 GeV and g( j̃0

1) = 0.1 ns, and does
not have significant sensitivity to the Strong RPV model. The selection e�ciency of both signal regions
decreases for samples with neutralinos with shorter or longer lifetimes, due largely to the fiducial volume
acceptance.

6 Backgrounds

There are no high-mass SM particles which give rise to displaced decays. Searches for displaced, multi-track
vertices benefit from a small background which is caused predominantly by low-mass vertices being merged
together and misclassified as a high-mass vertex. The backgrounds arise from instrumental and algorithmic
e�ects and can be described by three main sources: hadronic interactions, accidental crossings and merged
vertices.

Hadronic interactions arise from particles interacting with the nuclei of detector material while traveling
through the detector. If multiple charged particles are produced in this interaction, then they may be
reconstructed as a displaced vertex. Due to the kinematics of this process, the charged particles resulting
from the interaction are typically collimated, giving rise to relatively low-mass displaced vertices. Rare
interactions resulting in less collimated decay products may result in a high-mass displaced vertex. The
bulk of these DVs will be localized in the material-dense regions of the detector and is removed by the
material map veto. The residual background is due to hadronic interactions in the less dense regions
of the detector or those that evade the material map veto due to the resolution of the vertex position or
due to ine�ciencies in the material map. This background class also includes vertices created by regular
long-lived SM particles decaying in their natural decay mode. As the mass of long-lived particles in the
SM are light (/ 5 GeV), these decays typically result in low-mass reconstructed vertices.

Low-mass displaced vertices that are crossed by an unrelated track are referred to as accidental crossings.
A low-mass DV may be misclassified as a high-mass DV with higher track multiplicity if an unrelated track

9

Backgrounds
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requirement on the two-track seed vertices. Larger neutralino masses lead to more high-?T particles being
produced in the decay, which increase the reconstruction e�ciency of the DV.
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Figure 2: Combined vertex and track reconstruction e�ciency as a function of radial position R. The e�ciency is
defined as the probability for a true neutralino decay to be matched with a reconstructed DV. In (a), the e�ciencies
with and without the special LRT processing are shown for one benchmark signal. In (b), the impact of attached
tracks on the total SR selection e�ciency is shown, which is defined in Section 5.

While electrons and muons are not used in the event selection in this search, they are used in a procedure to
remove overlapping objects and define the final collection of jets. Muon candidates are reconstructed in the
region |[ | < 2.7 from MS tracks matching ID tracks. Candidate muons are required to have ?T > 10 GeV
and satisfy the medium identification requirements defined in Ref. [60], based on the number of hits in the
di�erent ID and MS subsystems, and on the ratio of the charge and momentum (@/?) measured in the ID
and MS divided by the sum in quadrature of their corresponding uncertainties.

Electron candidates are reconstructed from isolated electromagnetic calorimeter energy deposits matched
to ID tracks and are required to have |[ | < 2.47, a transverse momentum ?T > 10 GeV, and to satisfy the
LooseAndBLayer requirement defined in Ref. [61], which is based on a likelihood using measurements of
shower shapes in the calorimeter and track properties in the ID as input variables. Electrons which share
an ID track with a muon are discarded.

Jets are reconstructed from three-dimensional energy clusters in the calorimeters [62] using the anti-:C
jet clustering algorithm [63] with a radius parameter ' = 0.4. Only jet candidates with ?T > 20 GeV
and |[ | < 2.8 are considered. Jets are calibrated using MC simulation with corrections obtained from in
situ techniques [64]. Events are discarded if they contain any jet with ?T > 20 GeV not satisfying basic
quality selection criteria designed to reject detector noise and non-collision backgrounds by imposing
the BadLoose cleaning selection, described in Ref. [65], without the cuts on the fraction of jet energy
deposited within the electromagnetic calorimeter and the jet charged-fraction. Jets within an angular
distance �' =

p
(�[)2 + (�q)2 = 0.2 of an electron candidate are discarded.

A second collection of jets is reconstructed to aid the SM background estimation by exploiting the track
density in an event. These jets, referred to as track jets, are constructed with an anti-:C algorithm with
' = 0.4 using all tracks with ?T > 1 GeV and |30 | < 2 mm. In order to take into account the e�ects
arising from the presence of pile-up interactions, track jets are reconstructed for each collision vertex in the
event.
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Leptoquark in b⌧ in s� and t�channels CMS-PAS-EXO-19-016
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Figure 5: Post-fit distributions of the discriminant variable ST in the (a) ⌧lep ⌧had and (b) ⌧had ⌧had signal regions.
The two signal regions are fit simultaneously considering the background-only hypothesis. The uncertainty band on
the ratio plot indicates the post-fit error. Entries with values above the x-axis range are included in the last bin of
each distributions. The red dotted line shows the expectation from an example singly produced Leptoquark signal
(scaled up by a factor 100).

As good agreement is found with the background expectation, upper limits are set on the cross-section
times branching fraction. This is done with the frequentist CLs method [96]. A production cross-section
for a given signal scenario is excluded at the 95% confidence level (CL) when CLs < 0.05.

The results are interpreted for singly and doubly produced Leptoquark from the eS1 model assuming
exclusive decays to b⌧. The single Leptoquark production and the combined single plus pair Leptoquark
production (LQ+LQLQ) are considered, with the assumption that the branching ratio of the Leptoquark to
⌧b is 100%. The 95% CLs limits on the single Leptoquark production cross-section times branching ratio
(LQ ! b⌧) are derived as a function of Leptoquark mass for various assumptions on the coupling �. The
single Leptoquark production result is shown in Fig. 6 and the single and pair Leptoquark production in
Fig. 7. The exclusion limits in the � � mLQ plane are shown in Fig. 8.

The observed limits obtained are lower than the expected limit, which is mostly driven by the highest ST
bin in the ⌧had⌧had channel. In general the ⌧had⌧had channel is more sensitive than the ⌧lep⌧had channel due
to the smaller background and the larger signal over background ratio in the last ST bin. The tt̄ process can
give events that pass the selection via the decay tt̄ ! WbWb ! `⌫b`⌫b, where ` can be either an electron,
muon, or ⌧ lepton and ⌫ is the corresponding neutrino. The only way for this to produce the b⌧had⌧had final
state is for both W bosons to decay into a ⌧ lepton that subsequently decays hadronically. However, for the
⌧lep⌧had channel the W can also decay directly into an electron or muon, opening up extra decay modes that
result in a b⌧lep⌧had final state.

The analysis presented here is the first ATLAS result for the search of singly-produced Leptoquarks in the
b⌧⌧ final state. The observed (expected) lower limit on the singly-produced scalar Leptoquark mass is
0.89 TeV (1.0 TeV) for � = 1.0, 1.01 TeV (1.22 TeV) for � = 1.7 and 1.28 TeV (1.43 TeV) for � = 2.5. The
limits on scalar Leptoquarks from the single production mode alone already provide exclusions similar to
previous results, with Leptoquarks below 1 TeV being excluded for � above 1.0. The observed (expected)
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Figure 5: Post-fit distributions of the discriminant variable ST in the (a) ⌧lep ⌧had and (b) ⌧had ⌧had signal regions.
The two signal regions are fit simultaneously considering the background-only hypothesis. The uncertainty band on
the ratio plot indicates the post-fit error. Entries with values above the x-axis range are included in the last bin of
each distributions. The red dotted line shows the expectation from an example singly produced Leptoquark signal
(scaled up by a factor 100).

As good agreement is found with the background expectation, upper limits are set on the cross-section
times branching fraction. This is done with the frequentist CLs method [96]. A production cross-section
for a given signal scenario is excluded at the 95% confidence level (CL) when CLs < 0.05.

The results are interpreted for singly and doubly produced Leptoquark from the eS1 model assuming
exclusive decays to b⌧. The single Leptoquark production and the combined single plus pair Leptoquark
production (LQ+LQLQ) are considered, with the assumption that the branching ratio of the Leptoquark to
⌧b is 100%. The 95% CLs limits on the single Leptoquark production cross-section times branching ratio
(LQ ! b⌧) are derived as a function of Leptoquark mass for various assumptions on the coupling �. The
single Leptoquark production result is shown in Fig. 6 and the single and pair Leptoquark production in
Fig. 7. The exclusion limits in the � � mLQ plane are shown in Fig. 8.

The observed limits obtained are lower than the expected limit, which is mostly driven by the highest ST
bin in the ⌧had⌧had channel. In general the ⌧had⌧had channel is more sensitive than the ⌧lep⌧had channel due
to the smaller background and the larger signal over background ratio in the last ST bin. The tt̄ process can
give events that pass the selection via the decay tt̄ ! WbWb ! `⌫b`⌫b, where ` can be either an electron,
muon, or ⌧ lepton and ⌫ is the corresponding neutrino. The only way for this to produce the b⌧had⌧had final
state is for both W bosons to decay into a ⌧ lepton that subsequently decays hadronically. However, for the
⌧lep⌧had channel the W can also decay directly into an electron or muon, opening up extra decay modes that
result in a b⌧lep⌧had final state.

The analysis presented here is the first ATLAS result for the search of singly-produced Leptoquarks in the
b⌧⌧ final state. The observed (expected) lower limit on the singly-produced scalar Leptoquark mass is
0.89 TeV (1.0 TeV) for � = 1.0, 1.01 TeV (1.22 TeV) for � = 1.7 and 1.28 TeV (1.43 TeV) for � = 2.5. The
limits on scalar Leptoquarks from the single production mode alone already provide exclusions similar to
previous results, with Leptoquarks below 1 TeV being excluded for � above 1.0. The observed (expected)
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Analysis preselections
1. No electrons / muons ( pT > 7 GeV)

2. Looking at events with MET trigger (trigger is fully efficient, tests in backup slide), MET > 200 GeV 

3. At least 2 jets with leading jet pT > 250 GeV, other jet pT > 30 GeV and |eta| < 2.8, jet cleaning LooseBad (also 
TightBad selection applied on data leading jet, for NCB treatment)

4. Dead-tile correction, LAr, SCT error veto

5. DeltaPhi(closest jet, MET) < 2.0

6. B-tagged jets < 2

7. Tau jets (pT > 20 GeV) < 1

Key variables for this analysis:

● MET

● Scalar jet pT sum, HT

● DeltaPhi (closest jet, MET)

● pT balance (between closest and farthest jet from MET)

● Maxminphi |Δɸ(farthest jet, MET) - Δɸ(closest jet, MET)|
6

The resultant MET direction is 
aligned along one of the jets.

Semi-visible jets, t-channel
ATLAS-CONF-2022-038
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Semi-visible jets, t-channel
ATLAS-CONF-2022-038

7

Key kinematic variables

Other signal mass points 
show similar trend.
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Figure 2: Comparisons of shape of ?bal
T (a) and |qmax � qmin | (b) distributions between the total background before

the fit and six signal predictions covering a representative mediator mass and invisible fraction range. The solid
vertical lines represent how these distributions are divided to form the nine-bin grid subsequently.

Thus the region with ⇢
miss
T > 600 GeV and �T > 600 GeV after the pre-selection is defined as the signal

region (SR). The corresponding 1L, 1L1B and 2L control regions (CR) are defined using the muon and
1-tagged jet requirements with the same ⇢

miss
T and �T requirements as in the SR. Low and intermediate

⇢
miss
T validation regions (VR) for multijet process are defined by requiring ⇢

miss
T to be between 250 GeV

to 300 GeV and between 300 GeV to 600 GeV respectively, with the same �T > 600 GeV requirement
after the pre-selection. The CR and VRs have negligible signal contamination.

The search then makes use of other two key observables, which are found to be largely uncorrelated:

1. the ?T balance between the closest jet ( 91) and farthest jet ( 92) from ⇢
miss
T direction, termed as ?

bal
T ,

defined using two-dimensional ?T vectors:

?
bal
T = | Æ?T ( 91)+ Æ?T ( 92) |

| Æ?T ( 91) |+ | Æ?T ( 92) | .

2. the di�erence in the azimuthal angle between 91 and 92 as defined above, termed |qmax � qmin |:

Fig. 2 shows the signal against total background shape comparison for ?bal
T and |qmax � qmin | distributions

for the nominal selection. There is a distinct shape di�erence between the di�erent signal benchmark points,
and the total background, which is utilised in designing the fit strategy. The |qmax � qmin | distribution
is divided into three bins of size 0–2, 2–2.7, 2.7–3.2, and the ?

bal
T distribution is divided into three bins

of size 0–0.6, 0.6–0.9, 0.9–1, as seen in Fig. 3. While the higher range of these distributions are more
signal-enriched, the lower range of |qmax � qmin | o�ers higher signal to background significance. These
bins are defined identically in SR and in each CR. Yields in these nine bins in each case are treated as the
observables.
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Figure 4: The post-fit yields in the nine-bins of the ( ?bal
T , |qmax � qmin | ) grid are shown for the SR (a), 1L CR (b),

1L1B CR (c), and 2L CR (d). Data is compared against background predictions, and six signal predictions covering a
representative mediator mass and invisible fraction range are overlaid. The uncertainties include all systematic and
statistical components.

Table 2: Scale factors for each background processes obtained from simultaneous fit using SR, 1L CR, 1L1B CR and
2L CR. Top processes denotes merged contributions from CC̄ and single top processes.

Process :
SF
8

/+jets 1.18 ± 0.05
,+jets 1.09 ± 0.04
Top processes 0.64 ± 0.04
Multijet 1.10 ± 0.04

9



Anna Kaczmarska, IFJ PAN 5th Symposium of the Division for Physics of 
Fundamental Interactions of the PPS, 21.10.202233 / 12

2.5 3 3.5 4 4.5 5
 (TeV)ΦM

0.2

0.4

0.6

0.8
in

v
R

1

1.5

2

2.5

3

3.5

4 λ

Semi-visible jet t-channel

-1 = 13 TeV, 139 fbs

ATLAS Preliminary

=1:λ (fb) for theoryσ
32.5 13.7 7.03 3.95 2.45 1.62

λ95% CL upper limits on 

Figure 7: The grid shows the observed 95% CL upper limit on _ with "q on the G-axis, 'inv on the H axis. It also
includes over each "q column the predicted cross-section for that specific mass value as a reference.
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