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OPERATIONS IN 2018

To date, a total of 8.8 fb-1 has been recorded

✦ 1.80 fb-1 collected (so far) in 2018 
✦ Thanks to the LHC for excellent machine availability!

LHCb 
•  ATLAS / CMS: 50 fb-1 in 2018 
   ¼95% data-taking efficiency 
•  LHCb 1.8 fb-1 in 2018 
   ¼90% data-taking efficiency 
 



Simultaneous number of interactions 
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today 

•  increasingly difficult analyses 
•  the dataset for the coming years! 
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s =13 TeV (2017)

Observation of H→bb •  ATLAS µ=1.06 
   5.5¾ (obs) with 7,8,13 TeV data 
 
•  CMS µ=1.04±0.20 
   5.6¾ (obs) with 7,8,13 TeV data,  
   VH+other processes 
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Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
Data set Expected Observed Signal strength
2017

0-lepton 1.9 1.3 0.73 ± 0.65
1-lepton 1.8 2.6 1.32 ± 0.55
2-lepton 1.9 1.9 1.05 ± 0.59
Combined 3.1 3.3 1.08 ± 0.34

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.23
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Figure 2: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

processes are also determined in this combination. All results are summarized in Fig. 3.

In summary, measurement of the standard model Higgs boson decaying to bottom quarks
has been presented. A combination of all CMS measurements of the VH, H ! bb process
using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an

1808.08242, accept. by PRL 

arXiv:1808.08238 accept. by PLB 

•  improved sensitivity in 2017 data by up to 10% 
•  new pixel detector 
•  DNN b-tagger, kinematic fits 
•  DNN signal/background discrimination 



Observation of ttH production 
→ measurement of top-Higgs coupling 

•  ATLAS: µ = 1.32+0.28
-0.26  

   6.3¾ (obs)  with 7, 8, 13 TeV data 
•  CMS: µ = 1.26+0.31

-0.26   
   5.2¾ (obs) with 7, 8, 13 TeV data 
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z

⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction, and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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→ Indirect constrains on New Physics 



Selected Higgs summary plots 
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Figure 9: On the left, observed 95% CL upper limits on B(H ! inv) for a Higgs boson with a
mass of 125 GeV, whose production cross section varies as a function of the coupling modifiers
kV and kF. Their best estimate, along with the 68 and 95% CL contours from Ref. [4], are also
reported. The SM prediction corresponds to kV = kF = 1. On the right, 90% CL upper limits on
the spin-independent DM-nucleon scattering cross section in Higgs-portal models, assuming
a scalar (solid red) or fermion (dashed green) DM candidate. Limits are computed as a func-
tion of mc and are compared to those from the LUX [73], PandaX-II [74], CDMSlite [75], and
CRESST-II [76] experiments.

production via VBF, in association with a vector boson (with hadronic decays of the W boson
and hadronic or leptonic decays of the Z boson) and via gluon fusion with initial state radia-
tion. The VBF search is the most sensitive channel involved in the combination. No significant
deviations from the SM predictions are observed in any of these searches. The combination
yields an observed (expected) upper limit on B(H ! inv) of 0.26 (0.20) at 95% CL, assuming
SM production of the Higgs boson. The observed 90% CL upper limit of B(H ! inv) < 0.22 is
interpreted in terms of Higgs-portal models of dark matter (DM) interactions. Constraints are
placed on the spin-independent DM-nucleon interaction cross section. When compared to the
upper bounds from direct detection experiments, this limit provides the strongest constraints
on fermion (scalar) DM particles with masses smaller than about 20 (7) GeV.
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arXiv:1809.05937, subm. to PLB 
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•  CMS 36 fb-1, 13 TeV data 
   BF(H→invis.) < 0.26 (observed) @ 95%C.L. 
•  shape-fit analysis in mjj 
•  combination of several channels 
•  interpretation in Higgs-portal models of DM 
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Figure 6: The observed mjj distribution of the shape analysis SR compared to the post-fit back-
grounds from various SM processes. On the left, the predicted backgrounds are obtained from
a combined fit to the data in all the CRs, but excluding the SR. On the right, the predicted
backgrounds are obtained from a combined fit to the data in all the CRs, as well as in the SR,
assuming the absence of any signal. Expected signal distributions for a 125 GeV Higgs boson
produced through ggH and VBF modes, and decaying to invisible particles with a branching
fraction B(H ! inv) = 1, are overlaid. The last bin includes all events with mjj > 3.5 TeV. The
description of the ratio panels is the same as in Fig. 4.

Table 3: Expected event yields in each mjj bin for various background processes in the SR of
the shape analysis. The background yields and the corresponding uncertainties are obtained
after performing a combined fit across all the CRs, but excluding data in the SR. The “other
backgrounds” includes QCD multijet and Z(``)+jets processes. The expected total signal con-
tribution for the 125 GeV Higgs boson, decaying to invisible particles with a branching fraction
B(H ! inv) = 1, and the observed event yields are also reported.

Process mjj range in TeV
0.2–0.4 0.4–0.6 0.6–0.9 0.9–1.2 1.2–1.5 1.5–2.0 2.0–2.75 2.75–3.5 > 3.5

Z(nn) (QCD) 9311 ± 388 5669 ± 257 3884 ± 179 1648 ± 88 677 ± 42 405 ± 28 153 ± 14 22.8 ± 3.5 8.1 ± 2.2
Z(nn) (EW) 201 ± 8 228 ± 10 273 ± 13 198 ± 11 129 ± 8 112 ± 8 70.6 ± 6.6 20.2 ± 3.1 10.8 ± 2.9
W(`n) (QCD) 4755 ± 267 3017 ± 180 2090 ± 130 928 ± 63 361 ± 28 227 ± 19 80.4 ± 9.1 13.7 ± 2.7 4.5 ± 1.9
W(`n) (EW) 102 ± 14 118 ± 16 133 ± 18 100 ± 13 61.2 ± 8.1 61.4 ± 7.6 39.4 ± 4.9 12.6 ± 1.9 5.6 ± 1.4
Top quark 208 ± 37 159 ± 28 119 ± 21 57.6 ± 10.2 28.7 ± 5.1 16.1 ± 2.9 8.9 ± 1.6 2.2 ± 0.4 0.7 ± 0.1
Dibosons 222 ± 39 157 ± 28 116 ± 21 48.2 ± 8.5 19.0 ± 3.4 9.3 ± 1.6 2.6 ± 0.5 1.4 ± 0.3 0.4 ± 0.1
Others 78.6 ± 19.5 51.0 ± 11.6 42.8 ± 11.5 13.6 ± 2.9 6.5 ± 1.5 3.3 ± 0.8 2.4 ± 0.6 0.7 ± 0.2 0.3 ± 0.4
Total bkg. 14878 ± 566 9401 ± 387 6658 ± 271 2994 ± 144 1283 ± 69 834 ± 51 358 ± 29 73.8 ± 9.4 30.3 ± 7.4
Signal 590 ± 244 559 ± 199 547 ± 151 447 ± 109 276 ± 58 304 ± 66 201 ± 36 68.6 ± 11.7 30.0 ± 6.4
Data 16177 10008 7277 3138 1439 911 408 87 29

pected to produce an increasing discrepancy between data and backgrounds as mjj increases.
A goodness of fit test, based on a saturated c2 test statistic [62, 63], yields a p-value of about 6%
indicating that the data are compatible with the SM prediction.
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Figure 8: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv)
for both individual categories targeting VBF, Z(``)H, V(qq’)H, and ggH production mode,
as well as their combination, assuming an SM Higgs boson with a mass of 125 GeV. On the
right, profile likelihood ratios as a function of B(H ! inv). The solid curves represent the
observations in data, while the dashed lines represent the expected result from a b-only fit. The
observed and expected likelihood scans are reported for the full combination, as well as for the
individual VBF, Z(``)H, V(qq0)H and ggH-tagged analyses.

taken from the recommendations of Ref. [72]. The conversion from B(H ! inv) to Ginv uses the
relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since renormaliz-
able models predicting a vectorial DM candidate require an extended dark Higgs sector, which
may lead to modifications of kinematic distributions assumed for the invisible Higgs boson
signal, such interpretation is not provided in the context of this Letter. Figure 9 (right) shows
the 90% CL upper limits on the spin-independent DM-nucleon scattering cross section as a
function of mc, for both the scalar and the fermion DM scenarios. These limits are computed
at 90% CL so that they can be compared with those from direct detection experiments such
as LUX [73], PandaX-II [74], CDMSlite [75], and CRESST-II [76], which provide the strongest
constraints in the mc range probed by this search. In the context of Higgs-portal models, the
result presented in this Letter provides the most stringent limits for mc smaller than 20 (7) GeV,
assuming a fermion (scalar) DM candidate.

9 Summary
A search for invisible decays of a Higgs boson is presented using proton-proton collision data
at

p
s = 13 TeV, collected by the CMS experiment in 2016 and corresponding to an integrated

luminosity of 35.9 fb�1. The search targets events in which a Higgs boson is produced through
vector boson fusion (VBF). The data are found to be consistent with the predicted standard
model (SM) backgrounds. An observed (expected) upper limit of 0.33 (0.25) is set, at 95% con-
fidence level (CL), on the branching fraction of the Higgs boson decay to invisible particles,
B(H ! inv), by means of a binned likelihood fit to the dijet mass distribution. In addition,
upper limits are set on the product of the cross section and branching fraction of an SM-like
Higgs boson, with mass ranging between 110 and 1000 GeV.

A combination of CMS searches for the Higgs boson decaying to invisible particles, using the
2016 data set, is also presented. The combination includes searches targeting Higgs boson



Higgs in association with dark matter  

•  ATLAS 80 fb-1 13 TeV data 
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•  Variable radius (VR) jets 
•  either two small-radius b-jets 
•  or one large radius jet containing two b-

tagged sub-jets 
•  Z’-two Higgs doublet model 
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Strong production of gluinos and 3rd generation squarks 
•  79.9 fb-1 of 13 TeV data: m(g) < 2.2 TeV excl. 
•  large pT

miss, ¸3 b-tagged jets 
•  0 or 1 lepton, large radius jets 

•  tuned MC; cut&count and multi-bin analyses 
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Electroweak production of Charginos  
•  80.5 fb-1 of 13 TeV data: m(Â±) < 410 GeV 
•  Two leptons, 0 or 1 light jet  
•  Irreducible SM WW background: MC 

normalized to data 
•  mT2 variable: 
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•  selected results 
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Gauge mediation 

•  bla 
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Overview of SUSY results: GMSB / GGM
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•  Competitive sensitivity 
compared to         
gravity-mediation 

•  CMS Combination paper 
in preparation 

•  GGM scans in 
cooperation with theory  



Evidence for Bs
0→ K*0µ+µ- 

•  extremely rare SM FCNC via loop diagram involving off-diagonal Vtd   
•  Global analysis of B0→ K*0µ+µ-  measurements by BaBar, Belle, CDF, LHC 

suggest 4-5¾ deviation from the SM 
•  1fb-1 of 7 TeV, 2fb-1 of 8 TeV, 1.6fb-1 of 13 TeV data 
•  Signal yield of 38±12 events observed at 3.4¾   
•  BF = 2.9±1.0(stat)±0.2(sys)±0.3(norm)£10-8 in agreement with SM 
•  Detailed analysis of the q2 spectrum similar to  B0→ K*0µ+µ- with more data 

Christian Autermann 
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Figure 1: Distribution of reconstructed K�⇡+µ+µ� invariant mass of candidates outside the J/ 
and  (2S) mass regions, summing the three highest neural network response bins of each run
condition. The candidates are shown (left) over the full range and (right) over a restricted vertical
range to emphasise the B0

s ! K⇤0µ+µ� component. The solid line indicates a combination of
the results of the fits to the individual bins. Components are detailed in the legend, where they
are shown in the same order as they are stacked in the figure. The background from misidentified
B0! K⇤0µ+µ� decays is included in the B0! K⇤0µ+µ� component.
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Figure 2: Distribution of reconstructed J/ K�⇡+ invariant mass of the candidates in the J/ 
mass region summing the three highest neural network response bins of each run condition,
shown (left) over the full range and (right) over a restricted vertical range to emphasise the
B0

s ! J/ K⇤0 component. The solid line indicates a combination of the results of the fits to the
individual bins. Components are detailed in the legend, where they are shown in the same order
as they are stacked in the figure. The background from misidentified B0! J/ K⇤0 decays is
included in the B0! J/ K⇤0 component.

The e�ciency to trigger, reconstruct and select each of the decay modes is determined
from the simulation after applying the data-driven corrections. The e�ciency for the
B0

s ! K⇤0µ+µ� decay is corrected to account for events in the vetoed q2 regions following
the same prescription as Ref. [19]. The e�ciency corrected yields are further corrected
for contamination from decays with the K�⇡+ system in an S-wave configuration. For
the decay B0

s ! J/ K⇤0, the S-wave fraction of FS(B0! J/ K⇤0) = (6.4± 0.3± 1.0)%
determined in Ref. [43] is used. The S-wave contamination of the B0

s ! K⇤0µ+µ� decay

6
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Resonance searches: low mass 
•  Light Z’ associated with Lµ-L¿ U(1) gauge symmetry 

could explain B0→ K*0µ+µ- and g-2 deviations 
•  LHCb 1 fb-1 at 7 TeV and 2 fb-1 at 8 TeV 
•  CMS 77.3 fb-1 at 13 TeV 
   Z→4µ analysis with first limits on Lµ-L¿ models 
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Resonance searches: high mass 
•  dielectron and dimuon final states 
•  36.3 – 77.3 fb-1 of 13 TeV data 
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Combined mass lower limits 
•  Z’SSM (sequential SM) :         4.7 TeV 
•  Z’ψ    (GUT based theories) : 4.1 TeV  
 



Dark matter search: DM+Z→ll 
•  35.9 fb-1 of 13 TeV data 
•  Simplified models for DM production via spin-0 or 

spin-1 mediators 
•  Two analysis strategies:  

•  Fit of pT
miss spectrum 

•  Boosted decision tree classification targeting HSM→DM DM 

Christian Autermann 
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of events from new physics are computed by using the modified frequentist approach CLs [88,
89] based on asymptotic formulas [90, 91], via a simultaneous maximum likelihood fit to the SR
and the CRs. The expected numbers of background events and signal events, scaled by a signal
strength modifier, are combined in a profile likelihood test statistic, in which the systematic
uncertainties are incorporated as nuisance parameters. For the dominant backgrounds in the
SR, additional parameters are introduced to link the background expectations in the SR to their
respective contributions in the CRs discussed in Section 8. To compute limits in all models, a
binned likelihood test statistic is employed, based on the p

miss
T distribution in Fig. 4 and also on

the BDT classifier distribution in the case of invisible decays of the SM Higgs boson.

11.1 Dark matter interpretation

Figure 5 shows the 95% CL expected and observed limits for vector and axial-vector scenarios
with couplings gq = 0.25, gDM = 1. Figure 6 shows the 95% CL expected and observed limits
for couplings gq = gDM = 1 in the scalar and pseudoscalar scenarios. In Fig. 7, limits on the
DM-nucleon scattering cross section are set at 90% CL as a function of the DM particle mass
and compared to selected results from direct detection experiments. Both spin-dependent and
spin-independent cases are considered. In both cases, couplings gq = 0.25 and gDM = 1 are
used.
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Figure 5: The 95% CL expected and observed limits on sobs/stheo for the vector (left) and axial-
vector (right) mediators with gq = 0.25 and gDM = 1. Limits are not shown for far off-shell
(2mDM > 1.5mmed) regions of the parameter space.

11.2 Limits on invisible Higgs boson decays

Upper limits are derived for the Higgs boson production cross section using the same p
miss
T -

shape analysis as for the DM model. In addition, for mH = 125 GeV, a shape analysis using
the multivariate classifier distribution, as described in Section 9, is performed. The resulting
post-fit signal region is shown in Fig. 8. The 95% CL expected and observed upper limits on the
product of the production cross section and the branching fraction, sZH B(H ! inv.), computed
with the asymptotic CLs method are shown as a function of the SM-like Higgs boson mass in
Fig. 9 for the p

miss
T -shape analysis. For mH = 125 GeV, the search can be interpreted as an upper

limit on B(H ! inv.) assuming the SM production rate of a Higgs boson in association with
a Z boson. Assuming the SM production rate, the 95% observed (expected) CL upper limit on
B(H ! inv.) is 0.45 (0.44) using the p

miss
T -shape analysis, and 0.40 (0.42) using the multivariate

analysis. The gg ! Z(``)H process is considered only for the 125 GeV mass point, and only
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Dark matter searches 
•  Very similar DM+Z→ll from Atlas 
•  Combination with several channels 

•  hadronically decaying W/Z bosons 
•  two resolved jets or one large radius jet 
•  dijet resonance bump-hunting 
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1. EXOT-2016-23 arXiv:1807.11471, 
2. PLB 776 (2017), 318 

(gq = 0.25, g� = 1). From the observed limits at the 95% CL, the mediator mass mmed is excluded up to
560 GeV for a light WIMP, while the WIMP mass m� is excluded up to 130 GeV for mmed = 400 GeV.
For the bulk of the phase space, the observed limit is weaker than the expected one by about 1�. The
compatibility of the observed and expected limits is better than that for the BH!inv limits, mainly because
the sensitivity region for the DM signals has larger Emiss

T and the di↵erence between the observed yield
and the background expectation is less statistically significant at high Emiss

T .
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Figure 3: DM exclusion limit in the two-dimensional phase space of WIMP mass m� vs mediator mass mmed de-
termined using the combined ee + µµ channel. Both the observed and expected limits are presented, and the 1�
uncertainty band for the expected limits is also provided. Regions bounded by the limit curves are excluded at the
95% CL. The grey line labelled with “mmed = 2m�” indicates the kinematic threshold where the mediator can decay
on-shell into WIMPs, and the other grey line gives the perturbative limit [86]. The relic density line [86] illustrates
the combination of m� and mmed that would explain the observed DM relic density.

7 Conclusion

This Letter presents a search for an invisibly decaying Higgs boson or WIMPs produced in association
with a Z boson using 36.1 fb�1 of data collected by the ATLAS detector in pp collisions at

p
s = 13

TeV at the LHC. The search is carried out in the `` + Emiss
T final state. There is no significant data excess

above the expectation of the SM backgrounds. An observed (expected) upper limit of 67% (39%) is set
on BH!inv at the 95% CL for mH = 125 GeV, which can be compared to the observed (expected) 95%
CL limit of 75% (62%) derived in the same final state using the ATLAS data collected at

p
s = 7 and 8

TeV. The expected BH!inv limit is much improved compared to the previous one, while the improvement
in the observed limit is marginal due to the small data excess observed in this search. The corresponding
observed (expected) limit on the production cross-section of the ZH process with prompt Z ! ee and
Z ! µµ decays and invisible Higgs boson decays is 40 (23) fb at the 95% CL. Finally, exclusion limits are
placed on masses in a simplified dark matter model with an axial-vector mediator and fermionic WIMPs.
The mediator mass mmed is excluded up to 560 GeV at the 95% CL for a light WIMP, while the WIMP
mass m� is excluded up to 130 GeV for mmed = 400 GeV. The constraint on the existence of dark matter
from this search provides another input to the global search for dark matter at the LHC.
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each window of the fit, considering different metrics for the
fit goodness. The nominal window size covers approx-
imately half of the total number of bins seen in Fig. 1, wide
enough for all the considered benchmark signals to fit
within an individual window.
The uncertainty due to the values of the parameters in

Eq. (1) is estimated by repeating the sliding-window fitting
procedure on pseudodata drawn via Poisson fluctuations
from the nominal background prediction, that is, the fit
result in data. The uncertainty in eachmjj bin is taken to be
the root mean square of the fit results for all pseudoexperi-
ments in that bin. To estimate an uncertainty due to the
choice of background parametrization, an additional slid-
ing-window fit using Eq. (1) with p4 ≠ 0 is compared to the
nominal ansatz, and the average difference between the two
fit results across a set of pseudodata is taken as an
uncertainty. This background prediction for the mjj dis-
tribution does not involve simulated collisions and is
therefore not affected by uncertainties such as those due
to MC modeling and statistics.
The BUMPHUNTER algorithm quantifies the statistical

significance of any localized excess in the mjj distribution
[67,68]. The algorithm compares the binned mjj distribu-
tion of the data to the fitted background estimate, consid-
ering contiguous mass intervals in all possible locations,

from a width of two bins to a width of half of the
distribution. For each interval in the scan, it computes
the significance of any excess found. The algorithm
identifies the interval 4326–4595 GeV, indicated by the
two vertical lines in Fig. 1, as the most discrepant interval in
the jy!j < 0.6 signal region. The global significance of
this outcome is evaluated using the ensemble of possible
outcomes across all intervals scanned, by applying the
algorithm to pseudodata samples drawn randomly from the
background fit. Without including systematic uncertainties,
the probability that fluctuations of the background model
would produce an excess at least as significant as the one
observed in the data anywhere in the distribution (the
BUMPHUNTER probability) is 0.63. Thus, there is no
evidence of a localized contribution to the mass distribution
from BSM phenomena. Similarly, the search in the second
signal region with jy!j < 1.2 shows no significant deviation
from the smooth background parametrization, with the
same interval identified as the most discrepant and a
BUMPHUNTER probability of 0.83.

VI. ANGULAR ANALYSIS

Differences between the rapidities of two jets are
invariant under Lorentz boosts along the z axis, hence
the following function of the rapidity difference 2y!,

FIG. 1. The reconstructed dijet mass distribution mjj (filled points) is shown for events with pT > 440 (60) GeV for the leading
(subleading) jet. The spectrum with jy!j < 0.6 is shown in (a) for events above mjj ¼ 1.1 TeV while the selection with jy!j < 1.2 is
shown in (b) for events abovemjj ¼ 1.7 TeV. The solid line depicts the background prediction from the sliding-window fit. Predictions
for benchmark signals are normalized to a cross section large enough to make the shapes distinguishable above the data. The vertical
lines indicate the most discrepant interval identified by the BUMPHUNTER algorithm, for which the p-value is stated in the figure. The
middle panel shows the bin-by-bin significances of the data-fit differences, considering only statistical uncertainties. The lower panel
shows the relative differences between the data and the prediction of PYTHIA 8simulation of QCD processes, corrected for NLO and
electroweak effects, and is shown purely for comparison. The shaded band denotes the experimental uncertainty in the jet energy scale
calibration.
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to create continuous exclusion curves. No uncertainty in the
theoretical cross section for the signals is assessed. The
various selection criteria for the different signal regions are
summarized in Table I. The mass limits for each of the
models are shown in Figs. 3 and 4 and Table II.
Figure 5 shows limits on the Gaussian contributions

to the particle-level mjj distribution obtained for a mean
mass mG and five different widths, from a narrow width
to a width of 15% of mG. The expected limit and the
corresponding !1σ and !2σ bands are also indicated for a
narrow-width resonance. Limits are set only when mG is

within 1.1–6.5 TeV and separated by at least the width of
the Gaussian resonance from the beginning of this range.
Resonances with effective cross sections exceeding values
ranging from approximately 20–50 fb for masses of 2 TeV
to 0.2–0.5 fb for masses above 6 TeV are excluded. As the
width increases, the expected signal contribution is dis-
tributed across more bins. Therefore, wider signals are less
affected by statistical fluctuations of the data in a single bin
than narrower signals.
Starting from the χ distributions obtained with the

angular selection, the CLs method is used to set limits
on potential contributions from contact interactions, using
the background predicted by the SM simulation as the null
hypothesis. The asymptotic approximation [91] of a profile
likelihood ratio is used to set 95% C.L. limits. For each
value of Λ and each ηLL tested, a combined fit is performed
on the seven mjj regions of Fig. 2, using the procedure
described in Sec. VI. The maximum-likelihood values of
the nuisance parameters do not differ significantly from the
expectations. The bounds on contact interactions thus
obtained are shown in Fig. 6 and in Table II. In the case
of destructive interference, the expected event yield includ-
ing the signal may be lower than that for the background-
alone prediction. The kinematic regions where this occurs
depend on both Λ and mjj. An observed excess in the data
then produces a weaker limit below a given Λ value, and a
stronger one above that Λ value, in combination with
information from the mjj spectrum in the fit.
The same approach is used to set limits on the resonant

benchmark signals described in Sec. VII, as a consistency
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FIG. 4. The 95% C.L. exclusion limits for the Z0 model
described in the text, as a function of the coupling to quarks,
gq, and the mass, mZ0 , obtained from the dijet invariant mass mjj

distribution. For a given mass, the cross sections rise with gq, and
thus the upper left unfilled area is excluded, as indicated by the
direction of the hatched band. The exclusion applies up to
gq ¼ 0.5, in the sensitivity range of the method as explained in
the text. Points were simulated with 0.5 TeV spacing in mass and
spacing as fine as 0.05 in gq. A smooth curve is drawn between
points by interpolating in g2q followed by an interpolation in mZ0 .

TABLE II. The 95% C.L. lower limits on the masses of ADD
quantum black holes (BLACKMAX event generator), W0 and W#

bosons, excited quarks, and Z0 bosons for selected coupling
values from the resonance search, as well as on the scale of
contact interactions for constructive (ηLL ¼ −1) and destructive
(ηLL ¼ þ1) interference from the angular analysis. Where an
additional range is listed, masses within the range are also
excluded. Full limits on the Z0 model are provided in Fig. 4.

95% C.L. exclusion limit

Model Observed Expected

Quantum black hole 8.9 TeV 8.9 TeV
W0 3.6 TeV 3.7 TeV

W# 3.4 TeV 3.6 TeV3.77 TeV—3.85 TeV
Excited quark 6.0 TeV 5.8 TeV
Z0 (gq ¼ 0.1) 2.1 TeV 2.1 TeV
Z0 (gq ¼ 0.2) 2.9 TeV 3.3 TeV
Contact interaction (ηLL¼−1) 21.8 TeV 28.3 TeV.

Contact interaction (ηLL¼þ1) 13.1 TeV 15.0 TeV17.4 TeV—29.5 TeV
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!2σ bands are also indicated for a narrow-width resonance.
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Resonant 2nd generation slepton production 
•  35.9 fb-1 of 13 TeV data 
•  RPV SUSY, LQD coupling 
•  like-sign dimuon final state 
•  non-prompt muon background from 

tight-to-loose method 
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Conclusion 
• No signs of physics beyond the standard model so far 
• Age of “easy discoveries” at the LHC has gone;          

sensitivity will grow with integrated luminosity, i.e. time! 
• Only 1-2% of high-luminosity LHC dataset analyzed so far 
 
• Change in analysis strategy: 

•  Combinations 
•  More specific final states 
•  Sophisticated background suppression & 
   signal identification 
•  Difficult accessible signal phasespace 
•  Unconventional signal models 
•   … 
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Analyzed HL LHC 



Additional Material 
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