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Statistical combinations of searches for charginos and neutralinos using various decay channels are
performed using 139 fb−1 of pp collision data at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector at the Large

Hadron Collider. Searches targeting pure-wino chargino pair production, pure-wino chargino-neutralino
production, or Higgsino production decaying via standard modelW, Z, or h bosons are combined to extend
the mass reach to the produced supersymmetric particles by 30–100 GeV. The depth of the sensitivity of the
original searches is also improved by the combinations, lowering the 95% C.L. cross-section upper limits
by 15%–40%.
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Supersymmetry [1–7] (SUSY) proposes a superpartner
for every standard model (SM) particle, where the spin
differs by one half. It remains one of the more popular
beyond the SM theories as it can provide solutions for the
hierarchy problem, dark matter, and unification of the
fundamental forces [8–11]. Naturalness arguments moti-
vate some SUSY particles to be within reach of the LHC,
namely the fermionic superpartners of the gauge and Higgs
fields: the charginos χ̃�1;2 and neutralinos χ̃01;2;3;4 [12,13].
The lightest neutralino χ̃01 (or the gravitino G̃ in general
gauge mediated (GGM) SUSY [14–16]) is stable in the R-
parity [17] conserving scenarios considered here and is an
excellent dark matter candidate [18,19]. In these scenarios,
charginos and neutralinos are produced in pairs at the LHC
and decay into the χ̃01 or G̃ via SM bosons (where the SM
boson decays follow SM branching fractions), assuming
other SUSY particles are too heavy to play a role. With the
limits on strongly produced SUSY particle masses exceed-
ing ∼2 TeV [20], electroweakly produced SUSY particles
may dominate LHC SUSY production. Small production
cross sections and decay modes with similar experimental
signatures to SM processes make these some of the more
challenging searches at the LHC.
The investigation of electroweakly produced SUSY

particles by the ATLAS Collaboration [21–24] comprises
searches with multiple final states targeting different
production and intermediate decay modes. These searches
are harmonized to allow for the statistical combination of

the results, increasing the sensitivity to SUSYbybroadening
the mass reach and improving the cross-section reach.
Combining results can be particularly powerful when the
searches have different, but complementary, sensitivity to
the same SUSY models. This Letter focuses on the pair
production of pure-wino or pure-Higgsino next-to-lightest
SUSY particles (NLSP) decaying into the lightest SUSY
particle (LSP) via a SM boson. The Run 2 electro-
weak SUSY searches at ATLAS, corresponding to 139 fb−1

of pp LHC collision data at a center-of-mass energy of
ffiffiffi

s
p ¼ 13 TeV, are statistically combined for each SUSY
scenario shown in Fig. 1, as reported in Table I. The CMS
Collaboration has also performed statistical combinations of
their electroweak SUSY searches, found in Ref. [25].
To obtain the best sensitivity to a new physics signal

through a statistical combination of the individual results,
the searches used should be statistically independent and
not overlap in their event selection for signal regions (SR)
or control regions (CR). Overlap is avoided for the most
part by requiring exclusive lepton multiplicity in any search
selection, so that 0l, 1l, 2l, 3l, and 4l searches (where
l ¼ e, μ) are statistically independent. To achieve this, the
searches adopted common loose selection criteria [38] at
the very start of each analysis, allowing the free use of any
further criteria without overlapping with other lepton
multiplicities. The All Hadronic, Multi-b, and 1L searches
found the veto of loose and low-pT leptons detrimental to
signal acceptance. To avoid this, a less stringent veto was
adopted, [41] designed to reject events selected by 2l or 3l
searches. The 2L compressed search used an even looser
muon definition; however, the search selection is unique
enough to result in orthogonality to the others used in a
combination. The harmonization procedure was adopted
early in the ATLAS Run 2 search program and proved to be
a keystone of this final combination effort.
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The statistical independence of the searches is verified
by inspecting the events selected by SRs and CRs in the
data and in high statistics simulation of SUSY signals.
Significant overlaps are observed between those with equal
lepton multiplicity selections, e.g., the All hadronic and
Multi-b searches, and statistical combinations are not
performed for those with >10% overlap. In these cases,
the search with the best expected sensitivity is used, and
each instance is discussed for the SUSY models in the
following. Otherwise, all SRs used in the combination have
zero overlap with other SRs and CRs, while a few CRs have
a small ∼1%–2% overlap with one another.
Limits are set in SUSY simplified models [42–44] using

a combined profile likelihood fit to the observed yields, the
estimate of SM background yields, and the expected SUSY
yields in the CRs and SRs. Systematic uncertainties are
included as Gaussian-distributed nuisance parameters in

the likelihood fit and can be correlated between CRs and
SRs with common nuisance parameters. The fit parameters
are determined by maximizing the product of the Poisson
probability functions and the constraints for the nuisance
parameters. The compatibility of a signal scenario with the
data observation is assessed by accounting for the SUSY
signal in all CRs and SRs scaled by a floating signal
normalization factor. A signal scenario is excluded if the
upper limit at 95% confidence level (C.L.) of the signal
normalization factor obtained in the fit is smaller than that
predicted by the cross section of the scenario [45]. Signal
cross sections are calculated to next-to-leading order in the
strong coupling constant, adding the resummation of soft
gluon emission at next-to-leading-logarithmic accuracy
[46–50]. The nominal cross section and the uncertainty
are taken from an envelope of cross-section predictions
using different parton distribution function sets and

FIG. 1. Diagrams of the processes in the simplified SUSY models considered in this Letter: (a) wino chargino-pair production
decaying viaW bosons, (b) wino chargino-neutralino production decaying viaW and Z bosons, (c) wino chargino-neutralino production
decaying via W and h bosons, and (d) Higgsino GGM scenarios. In (d) the χ̃01 may be produced via χ̃þ1 χ̃

−
1 , χ̃

�
1 χ̃

0
1;2, or χ̃

0
1χ̃

0
2 production.

The gray blob represents all possible intermediate states. For these simplified models, all other SUSY particles are assumed to be heavy
and decoupled.

TABLE I. The electroweak SUSY production modes considered, along with the multiple decay modes and final
states used for the statistical combination.

Production mode Wino χ̃þ1 χ̃
−
1 Wino χ̃�1 χ̃

0
2 Wino χ̃�1 χ̃

0
2

Higgsino GGM
χ̃þ1 χ̃

−
1 , χ̃

�
1 χ̃

0
1;2, χ̃

0
1χ̃

0
2

Decay mode χ̃�1 → W�χ̃01

χ̃�1 → W�χ̃01
χ̃02 → Zχ̃01

χ̃�1 → W�χ̃01
χ̃02 → hχ̃01 χ̃01 → Z=hG̃

Searches
All hadronic [26] ✓ ✓ ✓ ✓
1L [27] ✓ ✓
1Lbb [28] ✓
2L compressed [29] ✓
2L0J Δm > mðWÞ [30] ✓
2L0J Δm ∼mðWÞ [31] ✓
2L2J [32] ✓ ✓
2τ [33] ✓
3L [34] ✓ ✓
SS=3L [35] ✓ ✓
4L [36] ✓
Multi-b [37] ✓
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factorization and renormalization scales, as described
in Ref. [51].
The statistical combination for each signal scenario is

performed with the PYHF package [52], using inputs pro-
duced by the original search (typically using HistFitter [53]),
or via the RECAST implementation of the search [54]. The
inputs contain information about the yields and uncertain-
ties in the SM background and signal in each CR and SR, as
well as the observed data yields. Systematic uncertainties
can be set as correlated between searches, where appro-
priate, by modifying the inputs to share nuisance param-
eters in the likelihood fit. Theory systematic uncertainties
in the SM backgrounds and signal are treated as uncorre-
lated between searches since each search targets a different
final state and parameter space. Experimental systematic
uncertainties might be correlated if compatible uncertainty
schemes are used by each search to be combined. However,
this is not always possible because the searches to be
combined span significant updates in particle
reconstruction and identification methods and the related
calibrations, preventing the correlation of multiple sources

between searches. Additionally, incompatible choices
for jet systematic schemes were used in individual
searches, preventing the correlation of jet energy scale
and resolution uncertainties. Correlating only the allowed
sources of experimental systematic uncertainties between
searches is found to have a negligible impact on the results.
In this Letter, statistical combinations are performed
with theory and experimental uncertainties uncorrelated
between searches.
A simplified model of pure-wino chargino-pair produc-

tion decaying intoW bosons and the LSP 100% of the time
[χ̃þ1 χ̃

−
1 , χ̃

�
1 → W�χ̃01, as shown in Fig. 1(a)] can produce

final states of lνlνχ̃01χ̃
0
1, lνqqχ̃

0
1χ̃

0
1, or qqqqχ̃

0
1χ̃

0
1. The fully

leptonic final state was targeted in two searches: 2L0J
Δm > mðWÞ for moderate NLSP-LSP mass splittings and
2L0J Δm ∼mðWÞ for smaller mass splittings. The two
2L0J searches overlap in their selection, so the search with
the lowest expected C.L. value is used in the statistical
combination for each signal scenario. The semileptonic
and fully hadronic final states were targeted by the 1L and
All hadronic searches, respectively, both of which are

(a) (b)

(c) (d)

FIG. 2. The expected (dashed) and observed (solid) 95% C.L. exclusion limits on (a) chargino-pair production decaying viaW bosons,
(b) chargino-neutralino production decaying via W and Z bosons, (c) chargino-neutralino production decaying via W and h bosons,
(d) Higgsino GGM scenarios. The limits are set using a statistical combination of searches targeting each SUSY scenario. Limits
obtained by individual searches are overlaid.
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statistically independent of one another and the 2L0J
searches. The original exclusion contours in the
mðχ̃�1 Þ-mðχ̃01Þ parameter space are shown in Fig. 2(a),
along with that obtained by the statistical combination of
the searches. The combination of the search results closes
the gaps left by the individual searches, and increases the
sensitivity to high χ̃01 masses, where χ̃01 masses are excluded
up to 150 GeV for a χ̃�1 mass of 400–700 GeV. The
combination is used to calculate the upper limit on the cross
section for these χ̃þ1 χ̃

−
1 simplified models, where the limits

are improved by 20%–30% for χ̃�1 masses of 400–800 GeV,
compared to the individual searches. Improvements in the
upper limit on the cross section are particularly important
for nonsimplified SUSY models where the production
cross section and decay branching fractions may be lower
than those in simplified models [55].
A second simplified model is considered consisting of

pure-wino, mass-degenerate chargino–neutralino pair pro-
duction decaying into W or Z bosons and the LSP 100%
of the time [χ̃�1 χ̃

0
2; χ̃

�
1 → W�χ̃01;χ̃

0
2 → Zχ̃01, as shown in

Fig. 1(b)]. Searches targeting the fully hadronic, semi-
leptonic, and fully leptonic decays of the SM bosons are
considered for a statistical combination, as listed in Table I,
where all searches are statistically independent and can
be combined. The original exclusion contours in the
mðχ̃�1 =χ̃02Þ-mðχ̃01Þ parameter space are shown in Fig. 2(b),
alongwith that obtained by the statistical combination of the
searches. The combination has little impact for small NLSP-
LSP mass splittings, where the 2L Compressed search is
uniquely sensitive. However, at larger mass splittings,
multiple searches have common sensitivity and the combi-
nation is more effective. The exclusion contour is extended
for high mðχ̃�1 =χ̃02Þ by around 50 GeV, while the reach to
mðχ̃01Þ masses is extended by 40–100 GeVat χ̃�1 =χ̃

0
2 masses

around 550 GeVand 800 GeV. The upper limit on the cross
section for these simplified models is improved by 20%–
40% for χ̃�1 =χ̃

0
2 masses of 600–1000 GeV relative with

respect to the individual searches alone.
A third simplified model is considered of pure-wino,

mass-degenerate chargino–neutralino pair production
decaying into W or Higgs bosons h and the LSP 100%
of the time [χ̃�1 χ̃

0
2; χ̃

�
1 → W�χ̃01; χ̃

0
2 → hχ̃01, as shown in

Fig. 1(c)]. The All hadronic and 1Lbb searches target the
h → bb decay and dominate the sensitivity to these models,
while h decays resulting in leptons are targeted using the
SS=3L, 3L, and 2τ searches and are sensitive to low mass
NLSP production. The SS=3L and 3L searches overlap in
their selection, so the search with the lowest expected C.L.
is considered for statistical combination with the other
searches for each signal scenario. The original exclusion
contours in the mðχ̃�1 =χ̃02Þ −mðχ̃01Þ parameter space are
shown in Fig. 2(c), along with that obtained by the
statistical combination of the searches. The combination
smooths out the effects of the small observed deficit seen in

the All hadronic search and a small observed excess in the
1Lbb search, with a stronger expected limit for the
combination, but a weaker observed limit than the All
hadronic search. The exclusion contour is extended up to
30 GeV in χ̃01 masses for χ̃�1 =χ̃

0
2 masses of 300–600 GeV.

The combination improves the upper limit on the cross
section for these simplified models by 20%–30% for χ̃�1 =χ̃

0
2

masses below 600 GeV compared to the individual
searches alone.
A fourth simplified model of pure-Higgsino production

is considered (χ̃þ1 χ̃
−
1 =χ̃

�
1 χ̃

0
1=χ̃

�
1 χ̃

0
2=χ̃

0
1χ̃

0
2), the higgsino GGM

scenarios, as shown in Fig.1(d). The χ̃02 and χ̃�1 masses are
set 1 GeV above the χ̃01 mass to ensure prompt decays. The
χ̃02 and χ̃

�
1 decay into χ̃01 via off shellW or Z bosons, which

in turn decay into unimportant, low momentum (<1 GeV)
final states. The χ̃01 decays into an LSP G̃, either with a Z
boson or a h boson. The Higgsino GGM scenarios are
parametrized by the mass of the Higgsinos and the
branching fraction of the χ̃01 decay. These signal scenarios
are targeted by the 4L, 2L2J, and All hadronic searches
selecting leptonic or hadronic decays of the Z boson, and
by the Multi-b search selecting h → bb decays. The All
hadronic andMulti-b searches overlap in their selection, so
the search with the lowest expected C.L. is used in the
statistical combination. The original exclusion contours in
the mðχ̃�1 =χ̃02=χ̃01Þ-Bðχ̃01 → hG̃Þ parameter space are shown
in Fig. 2(d), along with that obtained by the statistical
combination of the searches. Full coverage of the χ̃01
branching ratio possibilities is obtained by the individual
searches, and the combination extends the exclusion by
around 60 GeV for high mass Higgsino production. The
upper limit on the cross section for these simplified models
is improved by 15%–40% for Bðχ̃01 → hG̃Þ < 80% com-
pared to the individual searches alone.
Statistical combinations of the Run 2 ATLAS electro-

weak SUSY searches targeting chargino-neutralino pro-
duction are performed. Four simplified SUSY models are
studied: pure-wino χ̃þ1 χ̃

−
1 production decaying via W

bosons, pure-wino χ̃�1 χ̃
0
2 production decaying via W and

Z bosons, pure-wino χ̃�1 χ̃
0
2 production decaying via W and

h bosons, and Higgsino GGM scenarios. The combinations
extend the sensitivity to SUSY production up to 100 GeV in
NLSP or LSP masses, and the sensitivity to SUSY
production cross sections is increased by up to 40%.
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D. Short, HistFitter software framework for statistical data
analysis, Eur. Phys. J. C 75, 153 (2015).

[54] K. Cranmer and I. Yavin, RECAST—extending the impact
of existing analyses, J. High Energy Phys. 04 (2011) 038.

[55] Nonsimplified SUSY models typically describe mixed
wino-Higgsino-bino charginos and neutralinos.

[56] ATLAS Collaboration, ATLAS computing acknowledge-
ments, Report No. ATL-SOFT-PUB-2023-001, 2023,
https://cds.cern.ch/record/2869272.

G. Aad ,102 B. Abbott ,120 K. Abeling ,55 N. J. Abicht ,49 S. H. Abidi ,29 A. Aboulhorma ,35e H. Abramowicz ,151

H. Abreu ,150 Y. Abulaiti ,117 B. S. Acharya ,69a,69b,b C. Adam Bourdarios ,4 L. Adamczyk ,86a S. V. Addepalli ,26

M. J. Addison ,101 J. Adelman ,115 A. Adiguzel ,21c T. Adye ,134 A. A. Affolder ,136 Y. Afik ,36 M. N. Agaras ,13

J. Agarwala ,73a,73b A. Aggarwal ,100 C. Agheorghiesei ,27c A. Ahmad ,36 F. Ahmadov ,38,c W. S. Ahmed ,104

S. Ahuja ,95 X. Ai ,62a G. Aielli ,76a,76b A. Aikot ,163 M. Ait Tamlihat ,35e B. Aitbenchikh ,35a I. Aizenberg ,169

M. Akbiyik ,100 T. P. A. Åkesson ,98 A. V. Akimov ,37 D. Akiyama ,168 N. N. Akolkar ,24 S. Aktas ,21a

K. Al Khoury ,41 G. L. Alberghi ,23b J. Albert ,165 P. Albicocco ,53 G. L. Albouy ,60 S. Alderweireldt ,52

Z. L. Alegria ,121 M. Aleksa ,36 I. N. Aleksandrov ,38 C. Alexa ,27b T. Alexopoulos ,10 F. Alfonsi ,23b M. Algren ,56

M. Alhroob ,120 B. Ali ,132 H. M. J. Ali ,91 S. Ali ,148 S. W. Alibocus ,92 M. Aliev ,145 G. Alimonti ,71a

W. Alkakhi ,55 C. Allaire ,66 B. M.M. Allbrooke ,146 J. F. Allen ,52 C. A. Allendes Flores ,137f P. P. Allport ,20

A. Aloisio ,72a,72b F. Alonso ,90 C. Alpigiani ,138 M. Alvarez Estevez ,99 A. Alvarez Fernandez ,100

M. Alves Cardoso ,56 M. G. Alviggi ,72a,72b M. Aly ,101 Y. Amaral Coutinho ,83b A. Ambler ,104 C. Amelung,36

M. Amerl ,101 C. G. Ames ,109 D. Amidei ,106 S. P. Amor Dos Santos ,130a K. R. Amos ,163 V. Ananiev ,125

C. Anastopoulos ,139 T. Andeen ,11 J. K. Anders ,36 S. Y. Andrean ,47a,47b A. Andreazza ,71a,71b S. Angelidakis ,9

A. Angerami ,41,d A. V. Anisenkov ,37 A. Annovi ,74a C. Antel ,56 M. T. Anthony ,139 E. Antipov ,145

M. Antonelli ,53 F. Anulli ,75a M. Aoki ,84 T. Aoki ,153 J. A. Aparisi Pozo ,163 M. A. Aparo ,146 L. Aperio Bella ,48

C. Appelt ,18 A. Apyan ,26 N. Aranzabal ,36 S. J. Arbiol Val ,87 C. Arcangeletti ,53 A. T. H. Arce ,51 E. Arena ,92

J-F. Arguin ,108 S. Argyropoulos ,54 J.-H. Arling ,48 O. Arnaez ,4 H. Arnold ,114 G. Artoni ,75a,75b H. Asada ,111

K. Asai ,118 S. Asai ,153 N. A. Asbah ,61 K. Assamagan ,29 R. Astalos ,28a S. Atashi ,160 R. J. Atkin ,33a

M. Atkinson,162 H. Atmani,35f P. A. Atmasiddha ,128 K. Augsten ,132 S. Auricchio ,72a,72b A. D. Auriol ,20

V. A. Austrup ,101 G. Avolio ,36 K. Axiotis ,56 G. Azuelos ,108,e D. Babal ,28b H. Bachacou ,135 K. Bachas ,152,f

A. Bachiu ,34 F. Backman ,47a,47b A. Badea ,61 T. M. Baer ,106 P. Bagnaia ,75a,75b M. Bahmani ,18 D. Bahner ,54

A. J. Bailey ,163 V. R. Bailey ,162 J. T. Baines ,134 L. Baines ,94 O. K. Baker ,172 E. Bakos ,15 D. Bakshi Gupta ,8

V. Balakrishnan ,120 R. Balasubramanian ,114 E. M. Baldin ,37 P. Balek ,86a E. Ballabene ,23b,23a F. Balli ,135

L. M. Baltes ,63a W. K. Balunas ,32 J. Balz ,100 E. Banas ,87 M. Bandieramonte ,129 A. Bandyopadhyay ,24

S. Bansal ,24 L. Barak ,151 M. Barakat ,48 E. L. Barberio ,105 D. Barberis ,57b,57a M. Barbero ,102 M. Z. Barel ,114

K. N. Barends ,33a T. Barillari ,110 M-S. Barisits ,36 T. Barklow ,143 P. Baron ,122 D. A. Baron Moreno ,101

PHYSICAL REVIEW LETTERS 133, 031802 (2024)

031802-7

https://doi.org/10.1016/j.physletb.2008.06.065
https://doi.org/10.1016/j.physletb.2008.06.065
https://doi.org/10.1103/PhysRevD.79.075020
https://doi.org/10.1103/PhysRevD.79.075020
https://doi.org/10.1088/0954-3899/39/10/105005
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1103/PhysRevLett.83.3780
https://doi.org/10.1103/PhysRevLett.83.3780
https://doi.org/10.1016/j.nuclphysb.2010.08.016
https://doi.org/10.1016/j.nuclphysb.2010.08.016
https://doi.org/10.1007/JHEP10(2012)081
https://doi.org/10.1007/JHEP10(2012)081
https://doi.org/10.1140/epjc/s10052-013-2480-0
https://doi.org/10.1140/epjc/s10052-013-2480-0
https://doi.org/10.1103/PhysRevD.98.055014
https://doi.org/10.1103/PhysRevD.98.055014
https://doi.org/10.1140/epjc/s10052-014-3174-y
https://doi.org/10.21105/joss.02823
https://doi.org/10.1140/epjc/s10052-015-3327-7
https://doi.org/10.1007/JHEP04(2011)038
https://cds.cern.ch/record/2869272
https://cds.cern.ch/record/2869272
https://cds.cern.ch/record/2869272
https://orcid.org/0000-0002-6665-4934
https://orcid.org/0000-0002-5888-2734
https://orcid.org/0000-0002-1002-1652
https://orcid.org/0000-0001-5763-2760
https://orcid.org/0000-0002-8496-9294
https://orcid.org/0000-0002-9987-2292
https://orcid.org/0000-0001-5329-6640
https://orcid.org/0000-0002-1599-2896
https://orcid.org/0000-0003-0403-3697
https://orcid.org/0000-0002-8588-9157
https://orcid.org/0000-0002-2634-4958
https://orcid.org/0000-0002-5859-2075
https://orcid.org/0000-0002-2919-6663
https://orcid.org/0000-0002-8387-3661
https://orcid.org/0000-0002-1041-3496
https://orcid.org/0000-0001-6644-0517
https://orcid.org/0000-0003-0627-5059
https://orcid.org/0000-0002-9058-7217
https://orcid.org/0000-0001-8102-356X
https://orcid.org/0000-0002-4355-5589
https://orcid.org/0000-0002-4754-7455
https://orcid.org/0000-0002-1922-2039
https://orcid.org/0000-0003-3695-1847
https://orcid.org/0000-0001-8638-0582
https://orcid.org/0000-0003-3644-540X
https://orcid.org/0000-0003-0128-3279
https://orcid.org/0000-0003-4368-9285
https://orcid.org/0000-0003-3856-2415
https://orcid.org/0000-0002-0573-8114
https://orcid.org/0000-0001-6578-6890
https://orcid.org/0000-0002-1322-4666
https://orcid.org/0000-0002-8020-1181
https://orcid.org/0000-0003-2150-1624
https://orcid.org/0000-0002-7342-3130
https://orcid.org/0000-0003-4141-5408
https://orcid.org/0000-0002-2846-2958
https://orcid.org/0000-0001-7623-6421
https://orcid.org/0000-0003-3424-2123
https://orcid.org/0000-0002-8250-6501
https://orcid.org/0000-0002-0547-8199
https://orcid.org/0000-0003-2388-987X
https://orcid.org/0000-0003-0253-2505
https://orcid.org/0000-0001-6430-1038
https://orcid.org/0000-0003-0830-0107
https://orcid.org/0000-0002-8224-7036
https://orcid.org/0000-0002-1977-0799
https://orcid.org/0000-0002-1936-9217
https://orcid.org/0000-0001-7381-6762
https://orcid.org/0000-0003-0922-7669
https://orcid.org/0000-0002-8977-279X
https://orcid.org/0000-0002-0966-0211
https://orcid.org/0000-0003-1793-1787
https://orcid.org/0000-0001-7569-7111
https://orcid.org/0000-0001-8653-5556
https://orcid.org/0000-0002-4507-7349
https://orcid.org/0000-0001-5216-3133
https://orcid.org/0000-0002-9377-8852
https://orcid.org/0000-0002-9012-3746
https://orcid.org/0000-0002-7128-9046
https://orcid.org/0000-0001-9355-4245
https://orcid.org/0000-0003-4745-538X
https://orcid.org/0000-0002-5738-2471
https://orcid.org/0000-0001-9990-7486
https://orcid.org/0000-0002-1509-3217
https://orcid.org/0000-0001-7303-2570
https://orcid.org/0000-0002-3883-6693
https://orcid.org/0000-0001-9431-8156
https://orcid.org/0000-0002-7641-5814
https://orcid.org/0000-0002-8181-6532
https://orcid.org/0000-0003-1525-4620
https://orcid.org/0000-0002-0042-292X
https://orcid.org/0000-0003-0026-982X
https://orcid.org/0000-0003-3043-3715
https://orcid.org/0000-0002-1798-7230
https://orcid.org/0000-0003-2184-3480
https://orcid.org/0000-0003-1155-7982
https://orcid.org/0000-0002-2126-4246
https://orcid.org/0000-0002-6814-0355
https://orcid.org/0000-0001-7566-6067
https://orcid.org/0000-0003-1757-5620
https://orcid.org/0000-0003-3649-7621
https://orcid.org/0000-0003-1587-5830
https://orcid.org/0000-0002-4413-871X
https://orcid.org/0000-0002-1846-0262
https://orcid.org/0000-0002-9766-2670
https://orcid.org/0000-0001-5161-5759
https://orcid.org/0000-0002-8274-6118
https://orcid.org/0000-0001-7834-8750
https://orcid.org/0000-0002-7201-5936
https://orcid.org/0000-0002-4649-4398
https://orcid.org/0000-0001-9683-0890
https://orcid.org/0000-0002-5270-0143
https://orcid.org/0000-0002-6678-7665
https://orcid.org/0000-0002-2293-5726
https://orcid.org/0000-0003-2734-130X
https://orcid.org/0000-0001-7498-0097
https://orcid.org/0000-0002-6618-5170
https://orcid.org/0000-0001-7401-4331
https://orcid.org/0000-0003-4675-7810
https://orcid.org/0000-0003-3942-1702
https://orcid.org/0000-0003-1205-6784
https://orcid.org/0000-0002-9418-6656
https://orcid.org/0000-0001-9013-2274
https://orcid.org/0000-0002-8849-0360
https://orcid.org/0000-0001-8648-2896
https://orcid.org/0000-0002-7255-0832
https://orcid.org/0000-0001-5970-8677
https://orcid.org/0000-0003-0229-3858
https://orcid.org/0000-0001-7748-1429
https://orcid.org/0000-0002-1577-5090
https://orcid.org/0000-0002-6096-0893
https://orcid.org/0000-0003-3578-2228
https://orcid.org/0000-0002-3477-4499
https://orcid.org/0000-0003-1420-4955
https://orcid.org/0000-0002-3670-6908
https://orcid.org/0000-0001-5279-2298
https://orcid.org/0000-0001-8381-2255
https://orcid.org/0000-0002-4826-2662
https://orcid.org/0000-0001-5095-605X
https://orcid.org/0000-0002-3624-4475
https://orcid.org/0000-0002-1972-1006
https://orcid.org/0000-0002-7639-9703
https://orcid.org/0000-0001-8324-0576
https://orcid.org/0000-0001-7599-7712
https://orcid.org/0000-0002-3623-1228
https://orcid.org/0000-0001-6918-9065
https://orcid.org/0000-0003-2664-3437
https://orcid.org/0000-0003-3664-8186
https://orcid.org/0000-0003-4241-022X
https://orcid.org/0000-0001-7657-6004
https://orcid.org/0000-0002-2256-4515
https://orcid.org/0000-0002-9047-6517
https://orcid.org/0000-0001-8599-024X
https://orcid.org/0000-0001-7489-9184
https://orcid.org/0000-0001-5199-9588
https://orcid.org/0000-0002-2469-513X
https://orcid.org/0000-0003-4578-2651
https://orcid.org/0000-0003-4173-0926
https://orcid.org/0000-0001-8061-9978
https://orcid.org/0000-0002-3301-2986
https://orcid.org/0000-0001-8291-5711
https://orcid.org/0000-0003-0770-2702
https://orcid.org/0000-0002-9326-1415
https://orcid.org/0000-0003-1346-5774
https://orcid.org/0000-0002-1110-4433
https://orcid.org/0000-0002-6580-008X
https://orcid.org/0000-0003-2580-2520
https://orcid.org/0000-0001-5840-1788
https://orcid.org/0000-0002-9854-975X
https://orcid.org/0000-0002-0942-1966
https://orcid.org/0000-0001-9700-2587
https://orcid.org/0000-0003-0844-4207
https://orcid.org/0000-0001-7041-7096
https://orcid.org/0000-0002-7048-4915
https://orcid.org/0000-0003-2866-9446
https://orcid.org/0000-0001-5325-6040
https://orcid.org/0000-0003-2014-9489
https://orcid.org/0000-0002-5256-839X
https://orcid.org/0000-0002-8754-1074
https://orcid.org/0000-0002-3436-2726
https://orcid.org/0000-0001-5740-1866
https://orcid.org/0000-0002-3111-0910
https://orcid.org/0000-0002-3938-4553
https://orcid.org/0000-0002-7824-3358
https://orcid.org/0000-0002-5572-2372
https://orcid.org/0000-0002-9165-9331
https://orcid.org/0000-0001-7326-0565
https://orcid.org/0000-0003-0253-106X
https://orcid.org/0000-0002-7709-037X
https://orcid.org/0000-0002-5170-0053
https://orcid.org/0000-0001-9864-7985


A. Baroncelli ,62a G. Barone ,29 A. J. Barr ,126 J. D. Barr ,96 L. Barranco Navarro ,47a,47b F. Barreiro ,99

J. Barreiro Guimarães da Costa ,14a U. Barron ,151 M. G. Barros Teixeira ,130a S. Barsov ,37 F. Bartels ,63a

R. Bartoldus ,143 A. E. Barton ,91 P. Bartos ,28a A. Basan ,100 M. Baselga ,49 A. Bassalat ,66,g M. J. Basso ,156a

C. R. Basson ,101 R. L. Bates ,59 S. Batlamous,35e J. R. Batley ,32 B. Batool ,141 M. Battaglia ,136 D. Battulga ,18

M. Bauce ,75a,75b M. Bauer ,36 P. Bauer ,24 L. T. Bazzano Hurrell ,30 J. B. Beacham ,51 T. Beau ,127

J. Y. Beaucamp ,90 P. H. Beauchemin ,158 F. Becherer ,54 P. Bechtle ,24 H. P. Beck ,19,h K. Becker ,167

A. J. Beddall ,82 V. A. Bednyakov ,38 C. P. Bee ,145 L. J. Beemster ,15 T. A. Beermann ,36 M. Begalli ,83d M. Begel ,29

A. Behera ,145 J. K. Behr ,48 J. F. Beirer ,36 F. Beisiegel ,24 M. Belfkir ,159 G. Bella ,151 L. Bellagamba ,23b

A. Bellerive ,34 P. Bellos ,20 K. Beloborodov ,37 D. Benchekroun ,35a F. Bendebba ,35a Y. Benhammou ,151

M. Benoit ,29 J. R. Bensinger ,26 S. Bentvelsen ,114 L. Beresford ,48 M. Beretta ,53 E. Bergeaas Kuutmann ,161

N. Berger ,4 B. Bergmann ,132 J. Beringer ,17a G. Bernardi ,5 C. Bernius ,143 F. U. Bernlochner ,24 F. Bernon ,36,102

A. Berrocal Guardia ,13 T. Berry ,95 P. Berta ,133 A. Berthold ,50 I. A. Bertram ,91 S. Bethke ,110 A. Betti ,75a,75b

A. J. Bevan ,94 N. K. Bhalla ,54 M. Bhamjee ,33c S. Bhatta ,145 D. S. Bhattacharya ,166 P. Bhattarai ,143

V. S. Bhopatkar ,121 R. Bi,29,i R. M. Bianchi ,129 G. Bianco ,23b,23a O. Biebel ,109 R. Bielski ,123 M. Biglietti ,77a

M. Bindi ,55 A. Bingul ,21b C. Bini ,75a,75b A. Biondini ,92 C. J. Birch-sykes ,101 G. A. Bird ,20,134 M. Birman ,169

M. Biros ,133 S. Biryukov ,146 T. Bisanz ,49 E. Bisceglie ,43b,43a J. P. Biswal ,134 D. Biswas ,141 A. Bitadze ,101

K. Bjørke,125 I. Bloch ,48 A. Blue ,59 U. Blumenschein ,94 J. Blumenthal ,100 G. J. Bobbink ,114 V. S. Bobrovnikov ,37

M. Boehler ,54 B. Boehm ,166 D. Bogavac ,36 A. G. Bogdanchikov ,37 C. Bohm ,47a V. Boisvert ,95 P. Bokan ,48

T. Bold ,86a M. Bomben ,5 M. Bona ,94 M. Boonekamp ,135 C. D. Booth ,95 A. G. Borbély ,59 I. S. Bordulev ,37
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73aINFN Sezione di Pavia, Pavia, Italy

73bDipartimento di Fisica, Università di Pavia, Pavia, Italy
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