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Electroweak-inos, superpartners of the electroweak gauge and Higgs bosons, play a special role
in supersymmetric theories. Their intricate mixing into chargino and neutralino mass eigenstates
leads to a rich phenomenology, which makes it difficult to derive generic limits from LHC
data. We present a global analysis of LHC constraints for promptly decaying electroweak-inos
in the context of the Minimal Supersymmetric Standard Model, exploiting the SModelS software
package. Combining up to 16 ATLAS and CMS searches, we study what is the resulting exclusion
power of the combination compared to the analysis-by-analysis approach.
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1. Introduction

While experimental searches at the Large Hadron Collider (LHC) are typically pursued final
state by final state, targeting specific (yet often unrealistic) simplified-model scenarios, global
reinterpretations of the wealth of experimental results become more and more important in order
to understand which scenarios are really excluded and where new physics may still be hiding. This
is particularly true for searches for supersymmetry (SUSY), as SUSY phenomenology is extremely
rich and realistic scenarios are expected to give signals in several different channels.

In this work, we perform a global analysis of LHC constraints for promptly decaying electroweak-
inos (EW-inos) of the Minimal Supersymmetric Standard Model (MSSM) through global likeli-
hoods. A global likelihood from the combination of different individual analyses is relevant for
two reasons. First, the signal of a particular BSM scenario may be manifest in different final states,
which are constrained by different analyses. Combining them uses more of the available data and
thus provides more robust constraints. Second, experimental analyses can always be subject to over-
or under-fluctuations in the data. In the former case, the observed limit is weaker, in the latter case
stronger, than the expected limit. Again, the combination of different, approximately independent
analyses can mitigate this effect and provide more robust constraints.

In this work, we exploit version 2.3 of the SMoDELS software package [1] and its large database
of experimental results from Run 1 and Run 2 of the LHC. The set of experimental analyses used in
this study consists of the 16 ATLAS and CMS publications, listed in Table 1, for which SMoDpELS
v2.3 can build a likelihood (3 from Run 1 and 13 from Run 2, with 9 being for full Run 2 luminosity).
The following study is discussed in more detail in [2].

2. Electroweak-ino points and combination procedure

2.1 Electroweak-ino points

After EW symmetry breaking, the electrically neutral (charged) wino, bino and higgsinos mix
together to give four neutralinos: ){/? 4 (two charginos: y7,), with the indices going from the
lightest to the heaviest. In this work, the conservation of R-parity is assumed, meaning that at the
LHC, SUSY particles can only be pair-produced, each of them must decay into an odd number of
SUSY particles, and the lightest SUSY particle (LSP) is stable.

We intend to set constraints on the EW-ino sector of the MSSM by means of a random scan
with flat priors. To this end, we generated around 100K model points by randomly scanning over
the bino, wino, higgsino mass parameters M, M», u, and the ratio of the Higgs vacuum expectation
values tan 8 = v, /vy, within the following ranges:

10GeV < M; <3TeV,

100GeV < M, <3TeV,

100GeV < u  <3Tev,
5< tanfB <50.

All other SUSY breaking parameters were fixed to 10 TeV, assuming that the stop-sector parameters
can always be adjusted such that mj; =~ 125 GeV without influencing the EW-ino sector. The
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[ ID | Run | lumi. | Final State (+£7) | EMs(+Er) [ SRs [ comb. |
ATLAS-SUSY-2013-11 1 20.3 | 2lept., 0 or > 2 jets, 0b ww 13 -
ATLAS-SUSY-2013-12 1 203 | 3lept. (0-2 7’s), 0b WZ® Wh 2 -
ATLAS-SUSY-2016-24 | 2 36.1 | 2-3lept., 0 or > 2 jets, 0b wZ 9 -
ATLAS-SUSY-2017-03 2 36.1 2-3 lept., 0 or > 1 jets, 0b \\4 8 -
ATLAS-SUSY-2018-05 | 2 139 | 2lept., > 1 jets wZz® 13 pyhf
ATLAS-SUSY-2018-06 | 2 139 | 3lept., 0 or 1-3 jets, 0b wZz® 2 -
ATLAS-SUSY-2018-32 | 2 139 | 2lept., 0 or I jets, Ob wWwW 36 pyhf

4 jets or 2b + 2 jets, WW. . WZ, Wh,
ATLAS-SUSY-2018-41 | 2 139 | lept, Zh Z2Z. bh 3 SL
ATLAS-SUSY-2019-02 | 2 139 | 21lept., 0 or 1 jets, 0b wWw 24 SL
ATLAS-SUSY-2019-08 | 2 139 | 1lept., (h —)bb Wh 9 pyhf
ATLAS-SUSY-2019-09 | 2 139 | 3lept., 0 or > I jets, 0b wz® 20+31 | pyhf
CMS-SUS-13-012 1 195 [ Olept., > 3 jets (g or b) WW,WZ,ZZ 36 -
CMS-SUS-16-039 2 35.9 | 2+Ilept., 02 hadr. 7’s, 0b wZz® 11 SL
CMS-SUS-16-048 2 359 | 2softlept., > 1 jets, 0b wZ* 12+9 SL
CMS-SUS-20-004 2 137 | Olept., 2h(— bb) hh 22 SL
CMS-SUS-21-002 2 | 137 §1§p/:K8 jets. Oor 2 1S v wz wh | 3s SL

Table 1: List of EW-ino analyses from LHC Run 1 (1/s = 8 TeV) and Run 2 (13 TeV) considered in this
study. The column “lumi.” gives the integrated luminosity in fb~!. The column “comb.” specifies whether
and how signal regions (SRs) are combined: “pyhf” means a HistTFacTory model is used through interface
with Pynr; “SL” means that a covariance matrix is used; and “~”” means only the most sensitive SR is used.

lower limits on M, and p were chosen so as to avoid the LEP constraints on light charginos, while
the bounds on tan S were chosen to avoid Yukawa couplings from becoming non-perturbatively
large. The mass spectra and decay tables were computed with SOFTSUSY 4.1.11 [3], setting
my, = 125 GeV for consistency of the decay calculations.

We further select the points with only prompt decays, and we require m ( )2(1)) < 500 GeV and
m(¥7) < 1200 GeV in order to focus on the region which the current prompt EW-ino searches are
sensitive to, leaving us with a total of 18247 points. The production cross sections are computed at
next-to-leading order with Resummino 3.1.2 [4] if the leading-order ones are above 7 X 10~ fb.

2.2 Combination procedure

The next step is to build a global likelihood from individual analysis likelihoods. Since we do
not know inter-analyses correlations, only analyses that are approximately uncorrelated may enter
the combination. The combined likelihood is then simply the product of the likelihoods of the
individual analyses, as described in [1]. We assume analyses from different LHC runs, and from
distinct experiments to be approximately uncorrelated. Furthermore, we also treat analyses which
do not share any event in their SRs as approximately uncorrelated.

Since not all analyses in Table 1 can be combined with each other, many different combinations
can often be built for each model point. Moreover, since the sensitivity of each individual analysis
changes for each point, so does the sensitivity of any possible combination. Therefore, we dynami-
cally determine for each point in the scan the most sensitive combination, defined as the one with
the lowest expected upper limit on the signal strength u (shared by all the individual likelihoods
entering the combination). This (most sensitive) combination is then used to compute the expected
and observed constraints, as well as the exclusion status of the point under consideration.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2013-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2013-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2017-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-13-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-039/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-048/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-002/index.html

Global LHC constraints on electroweak-inos with SModelS v2.3 M.M. Altakach et al.

3. Results

The gain in expected reach due to the combination can be seen in the top left plot of Figure 1
for points with a bino-like LSP Q\?? > 50% bino). A point is expected to be excluded if an analysis
gives rexp = 0’/ (TSE) > 1, with o the signal of the BSM model and (rgg’ its expected upper limit
at 95% confidence level. As anticipated, the expected reach is enhanced by the combination due
to the accumulation of statistics, resulting in an overall increase of 48% in the expected number
of excluded points (from 3081 to 4549). In the m(¥{) 2 400 GeV region, the expected exclusion
is mostly driven by two analyses: the all-hadronic searches CMS-SUS-21-002 [5] and ATLAS-
SUSY-2018-41 [6]. The points for which the most sensitive analysis is one of these two analyses
are displayed by the blue and red histograms.

Turning to the observed exclusion (not shown here), the CMS hadronic search is less constrain-
ing than the ATLAS one. This is because the CMS and the ATLAS hadronic searches recorded
over- and under-fluctuations, respectively. Consequently, the observed exclusion power of the CMS
hadronic search is lower than what was expected, while it is the opposite for the ATLAS hadronic
search. Overall, the number of excluded points increases by 35% with the combination.

In the top right plot of Figure 1, we show the impact of the analysis combination on the
observed exclusion (a point is excluded if rops = o/ O'th > 1), compared to the most sensitive
analysis (the one giving the highest rexp), for points featuring a bino-like LSP. Only shown are the
points which are not excluded by the most sensitive analysis but are excluded by the combination
(orange and red), and the points which are excluded by the most sensitive analysis but are not
excluded by the combination (blue). Most of the points observe a gain in exclusion power. This is
because they feature a wino-like next-to-LSP (NLSP) and the analysis which is the most sensitive
to these models (the CMS hadronic search) observed over-fluctuations; therefore, when combined
with other analyses—which may have recorded under-fluctuations, as did the ATLAS hadronic
search—the total observed exclusion increases significantly. Nevertheless, the opposite behaviour
also occurs, see the blue points in this plot. These points are concentrated in a small region around
m( ;) = 900 GeV and feature a higgsino-like NLSP. The most sensitive analysis in this region is
the ATLAS hadronic search. The combination with other analyses again levels out much of these
fluctuations, but this time results in a decrease of the exclusion power.

The bottom plots in Figure 1 show the points featuring a non-bino-like LSP.! From the bottom
left plot we see that the ATLAS hadronic search is the most sensitive single analysis at high m(¢5).?
Consequently, in the bottom right plot, the exclusion power decreases for almost all points at high
m(5), and the combination excludes fewer points than the ATLAS hadronic search alone.

Figure 2 shows the points allowed by the combination (rgg;nb < 1). The colour represents
the ¥} wino content, quantified through the (1,1) component of the mixing matrix V' defined as:
(X7 X5 )T: V(W*H ;)T, with W* and H; the positively charged wino and higgsino gauge eigenstates.
For bino-like LSP points (left plot), purple points therefore correspond to models with a wino-like
NLSP, while green points feature a higgsino-like NLSP. As expected, the allowed parameter space
for points with a wino-like NLSP is smaller, due to their larger production cross sections. We also
see that several points avoid exclusion at low masses if m ( )2(1)) < m(¥{). These points display mixed

Mostly models with a higgsino-like LSP since those with a wino-like LSP typically have a long-lived /\7;—'
2For non-bino-like LSP points, m( )Zli) ~ m( )2?), so the relevant “heavy” mass scale is m( )23')
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Figure 1: Comparison between the most sensitive analysis and the combination of analyses. The difference
in sensitivity is shown in the left plots, while the right plots show the difference in exclusion power for the
points that are only excluded by the combination (orange and red points), or that are excluded by the most
sensitive analysis but not by the combination (blue points). The top plots show points with a bino-like LSP,
while the bottom plots show points with a non-bino-like LSP.
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Figure 2: Points not excluded by the combination, with a bino-like LSP (left) and a non-bino-like LSP (right),
identified by the wino admixture of the lightest chargino. Purple points correspond to scenarios where the
lightest chargino is mainly wino-like, and green points to the scenarios where it is mainly higgsino-like.

scenarios, where the number of complex topologies is large, thus diluting the signal going into the
simple 1-step decay topologies constrained by the database. The most important observation from
the left plot of Figure 2 is, however, that there is a sizeable region which is definitely excluded.
This region extends up to m () ~ 900 GeV for higgsino-like NLSP and up to m(¢;) ~ 1 TeV for
wino-like NLSP. Such a region does not exist for non-bino-like LSP points, as shown in the right
plot. Here, purple points correspond to models with a wino-like LSP, while green points feature a
higgsino-like LSP.



Global LHC constraints on electroweak-inos with SModelS v2.3 M.M. Altakach et al.

4. Conclusions and outlook

Global LHC constraints on the EW-ino sector of the MSSM were obtained using SMODELS
v2.3. 16 ATLAS and CMS searches were combined in a dynamical global likelihood analysis.
Around 18K points with promptly decaying EW-inos from a random scan over M|, M, u, and
tan 8 were confronted against the experimental data (points with a long-lived chargino, typical
of scenarios featuring a wino-like LSP, were not considered). For each point in the scan, the
combination of analyses that maximises the sensitivity was determined, and the ratio of predicted
over excluded cross sections (the so-called r-value in SMopELS) computed.

The combination’s impact on the expected reach and on the exclusion power was compared to
that of the most sensitive analysis. We also showed how the combination in the high mass region is
dominated by the two ATLAS and CMS hadronic searches, which recorded opposite fluctuations.
All in all, the combination of analyses increases the number of points (expected to be) excluded by
(48%) 35% compared to the most sensitive analysis. More importantly, it mitigates the sensitivity
to fluctuations in the data, therefore leading to more robust constraints. Other interesting aspects,
such as the identification of the various most sensitive combinations and how they populate the
parameter space, the effect of the individual analyses on the global likelihood, and the combination’s
impact on the excess distribution are discussed in [2].

Let us finally highlight the crucial role of the reinterpretation materials for such a study. Some
interesting experimental analyses could not be included in this work due to a lack of such materials.
Indeed, a likelihood can only be built when efficiency maps and statistical models are available. We
therefore acknowledge the collaborations’ efforts in this direction and encourage them to continue
publishing and preserving all valuable information necessary for reinterpretation studies.
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