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I will highlight only a handful of recent resultsTM Hong       
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Outline
http://cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS 

DM mediators
• Decay to di-fermions (qq̅, bb̅, ℓℓ)
• Higgs as mediator

DM associated production
• Mono-jet
• Mono-Higgs (bb̅)
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• Theory Approaches, Complementarity
• Exp't LHC, ATLAS
• Results 

• Tools Trigger, Boosted jets
• Future Projections

http://cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
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Neutral third party
Features of mediator

Property Spin 0 Spin 1

Charge Q 0

Mass m ?

Mediator is 
similar to

H γ , Z , Z′

Lorentz structure scalar 1
pseudosc. γ5

vector γμ  
axial v. γμ γ5

Coupling “g” ∝ mass ∝ charge

Consequences mb ≫ md Qb = Qd

Example chan. mono-b di-jet

[1609.09079]

prompt, colorless, etc.^

http://arxiv.org/abs/1609.09079
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2d exclusion plots 
assumes 2 parameters
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hard   scatter
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LHC intro
Define pileup, ETmiss
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√s = 13 TeV with 
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ATLAS data collection
Higher simultaneous pp collisions per bunch crossing, pileup ⟨μ⟩
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Results in this talk use 36 fb-1, 80 fb-1, 145 fb-1
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ATLAS trigger system (L1, HLT)
Trigger rates and efficiencies
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L1 trigger rate vs. instantaneous luminosity (2018) HLT ETmiss trigger efficiency for each year
http://cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults 
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Mono-jet
Event display

Many signal models, same signatureTM Hong       
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Mono-jet
JHEP 01 (2018) 126, 36 fb-1

Exclude 0 - 0.5 TeV DM for 0 - 1.5 TeV mediatorTM Hong       
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Signal model
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Scan of invariant mass DM mediator interpretation

https://cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-039/


High-mass di-jet
ATLAS-CONF-2019-007, 139 fb-1

The "high" di-jet mass range is limited by triggerTM Hong       
Pittsburgh
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• Exp't: JES ~ 1-3%, mdi-jet resolution ~ 3%
• Tool: Use lowest threshold single-jet trigger
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Signal models

5 TeV
4 TeV

All simulated samples include the e�ects of multiple pp interactions in the same and neighboring bunch

crossings (pileup)3 and are processed through the ATLAS detector simulation [42] based on G����4 [43].

The same software used to reconstruct data is also used to reconstruct simulated events. The simulated

QCD events are only used to test the data-based background estimate used for the m
j j distribution, and to

provide qualitative comparisons to kinematic distributions in data.

Excited quark signal samples are generated for masses in the 2 TeV to 8 TeV range, in 0.5 TeV steps, with

parton-level generators assuming spin-� excited quarks with the same coupling constants as SM quarks; no

interference with the SM is included in the simulation. The signal model is simulated using P����� 8.186,

in an identical manner to QCD processes, using the same PDFs and parameters for non-perturbative e�ects.

The signal samples are processed through the ATLAS detector simulation using the same framework as

used for QCD processes but with a simplified parameterization of the calorimeter [44] to reduce processing

time. No di�erence between full simulation and this faster simulation is observed in the kinematic variables

relevant for this search. Only the decay of the excited quark to a gluon and an up- or down-type quark is

simulated, which corresponds to a branching ratio of 85%. Before parton shower e�ects are taken into

account, the intrinsic width of the q ⇤signals is comparable to the detector resolution, while after showering

a radiative tail is present. This e�ect increases in strength for higher q ⇤masses, augmented by the impact

of PDFs decreasing towards higher mass. For the the ranges of q ⇤masses considered, the reconstruction

e�ciency is close to unity, henceforth acceptance times e�ciency is referred to as acceptance and is

computed from all events which pass the analysis selection (see Sec. 4), including distribution tails caused

by the sharp rise of PDFs at low Bjorken x [45]. For q ⇤masses greater than 2 TeV the selection acceptance

is approximately constant. The selection acceptance, excluding the branching ratio to quark-gluon, for a q ⇤

with a mass of 4 TeV is 58%.

For the simulated signal samples described above, systematic uncertainties due to jet energy scale,

acceptance uncertainties associated to the choice of PDF, and luminosity are included in the limit setting.

The jet energy uncertainty ranges from 1.5% at the lowest masses to 3% for masses above 4.5 TeV. A flat

1% uncertainty is considered as a conservative estimate of the PDF, factorization and renormalization scale

uncertainties on the acceptance [10]. The uncertainty in the combined 2015-2018 integrated luminosity is

1.7%. It is derived, following a methodology similar to that detailed in Ref. [46], and using the LUCID-2

detector for the baseline luminosity measurements [47], from calibration of the luminosity scale using x-y

beam-separation scans.
5 Analysis of the dijet invariant mass spectrum

The m
j j distribution formed from the two leading jets in events satisfying the criteria described in Section 3

is analyzed to search for contributions due to BSM resonances. Bin widths for this distribution are

chosen to reflect the evolution of the m
j j resolution and therefore widen as the mass increases, from about

30 GeV at the lowest m
j j values (1.1 TeV) to about 140 GeV at the highest values (8 TeV). The background

estimate is derived from the data using the sliding-window method described in [10] using a background

parametrization of the form

f (x) = p1 (1 � x) p2 x p3+p4 ln x+p5 (ln x) 2

(1)

3
This is reproduced by overlaying simulated soft QCD processes from P����� 8.205 [32] using the A2 set of tuned parameters

[40] and the MSTW2008LO PDF set [41] onto the hard-scattering process.
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Interpretation
JHEP 05 (2019) 142,  
up to 36 fb-1
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• Di-fermion results exclude rectangular regions → 
• Mono-X results exclude triangular region     →
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Low-mass di-jet
[1901.10917], ~80 fb-1

lowest threshold single-photon trigger
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qq̅ → mediator → qq̅, so only 2 parameters

Scan of invariant mass

photon + two jet trigger• Tool: Add photon trigger to reach lower mdi-jet

• Exp't: Also analysis with two b-tag

https://arxiv.org/abs/1901.10917
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[1901.10917], ~80 fb-1
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qq̅ → mediator → qq̅, so only 2 parameters

Scan of invariant mass

photon + two jet trigger• Tool: Add photon trigger to reach lower mdi-jet

• Exp't: Also analysis with two b-tag

https://arxiv.org/abs/1901.10917


Boosted di-b-jet
ATLAS-CONF-2018-052, 81 fb-1

Large radius jet
• ΔR = 1.0
• pT > 480 GeV
• 2 mJ / pT > 1

Track jet
• ΔR is pT-dep.
• pT > 10 GeV
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• Tool: Boosted, variable-radius, track jets
• Exp't: 5σ peak for W, Z & hint of Higgs, top

mfat-jet

qq̅ → mediator → qq̅, so only 2 parameters

https://cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-052/


Boosted di-b-jet
ATLAS-CONF-2018-052, 81 fb-1

Large radius jet
• ΔR = 1.0
• pT > 480 GeV
• 2 mJ / pT > 1

Track jet
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• Tool: Boosted, variable-radius, track jets
• Exp't: 5σ peak for W, Z & hint of Higgs, top

mfat-jet

qq̅ → mediator → qq̅, so only 2 parameters
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the ℓ resolution is
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Fig. 4. Contributions to the relative uncertainty in the transfer factors αZ (left) and 
αW (right) in the three m jj bins of the SR. The theoretical uncertainties from the 
sources noted in the legend are combined in quadrature.

Fig. 5. Distribution of event yields in the signal region for m jj (left) and Emiss
T (right). 

The Emiss
T distributions start at 180 GeV and shows the most sensitive m jj >2 TeV

subset of the SR as indicated by the arrow. The postfit normalizations for m jj (Emiss
T ) 

distributions use separate background, B , normalizations in the three (one) m jj bins 
of 1<m jj ≤1.5 TeV, 1.5<m jj ≤2 TeV, and m jj >2 TeV (m jj >2 TeV), and sum the 
contributions from W and Z bosons (electroweak and strong production modes). 
The hypothetical signal S (empty blue histogram) is shown on top of B for Binv =1. 
The bottom panels show the ratios of N (dots) and B + S (blue line) to B with the 
systematic uncertainty band shown on the line at 1. The bin width in the m jj plots 
(Emiss

T ) is 500 GeV (50 GeV except for the first bin with the non-zero entry, which is 
20 GeV). See the caption of Fig. 2 for other plotting details.

largest uncertainties, the αZ and the αW variations in the three 
m jj bins are shown graphically in Fig. 4.

The combination of uncertainties from various sources shows 
that the dominant category has a systematic origin (penultimate 
row of Table 2). The lack of MC statistical precision for background 
processes with m jj > 2 TeV has the largest impact on Binv. We note 
that the " values are percent improvements of the final limit on 
Binv, so they do not add in quadrature or in any such standard 
statistical combinations.

7. Results and interpretations

The 2252 observed events in the SR are divided among the 
three m jj bins defined previously: 952, 667, and 633 events. 
These values are consistent with the background-only postfit yields 
of the sum of the background processes of 2100 events, which 
are divided among the three m jj bins: 850± 113, 660± 90, and 
590± 81, respectively. The uncertainty represents the combined ef-
fect due to experimental and theoretical systematic uncertainties. 
These postfit values are also consistent with the prefit predictions. 
The expected signal yields (for Binv = 1 for VBF and gluon fusion) 
are 300, 310, and 460, respectively, and the last m jj bin has the 
highest sensitivity with S/B ≈ 0.8.

The postfit SR event distributions of m jj and Emiss
T are shown 

in Fig. 5, and we observe agreement, within uncertainties, between 
the data and the expected backgrounds.

Fig. 6. Upper limits on (a) the spin-independent wimp–nucleon cross section using 
Higgs portal interpretations of Binv at 90% CL vs. mwimp and (b) the VBF cross sec-
tion times the branching fraction to invisible decays at 95% CL vs. mscalar . The top 
plot shows results from Ref. [85–87].

The left plot in Fig. 5 also shows that the S/B ratio rises with 
increasing m jj values, which motivates our division of the SR into 
multiple bins. The total electroweak contribution in the SR is rela-
tively small at O(10%) (Table 1), but the much flatter distribution 
of m jj makes it an important contribution to the final result. As 
noted in Section 5, the background estimation is done indepen-
dently for each m jj bin to reduce the dependence on m jj modeling.

The fit, assuming the 125 GeV Higgs boson, gives the observed 
(expected) upper limit on Binv of 0.37

(
0.28 +0.11

−0.08

)
at 95% CL, and 

0.32
(
0.23 +0.11

−0.10

)
at 90% CL, where the uncertainties placed on the 

expected limit represent the 1σ variations. With this result, con-
nections to wimp dark matter can be made in the context of Higgs 
portal models [82]. The limit on Binv can be used to set limit 
on the Higgs-wimp coupling by the wimp-nucleon scattering cross 
section formulae (σwimp-nucleon). In this paper, scalar and Majorana 
fermion wimp models are considered [11,83,84].

The overlay of the interpretation of this result with the 
limits from some of the direct detection experiments [85–87]
shows the complementarity in coverage (Fig. 6(a)). For the scalar
wimp interpretation cross sections are excluded at values ranging 
from O

(
10−42) to O

(
10−45) cm2 and for the Majorana fermion

wimp interpretation the exclusion range is from O
(
10−45) to 

O
(
10−46) cm2, depending on the wimp mass. The uncertainty band 

in the plot uses an updated computation of the nucleon form fac-
tors [88].

The correlation between Binv and σwimp-nucleon is presented 
in the effective field theory framework assuming that the new-
physics scale is O(1) TeV [28], well above the scale probed at the 
Higgs boson mass. Adding a renormalizable mechanism for gener-
ating the fermion wimp masses could modify the above-mentioned 
correlation [89].

In place of the 125 GeV Higgs boson, the same selection is ap-
plied to additional scalars with masses (mscalar) of up to 3 TeV
assuming only VBF production. The fraction of VBF signal events 
that pass the signal region event selections corresponding to the 
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 ETmiss > 180 GeV
 lowest thresh. trigger

mdi-jet > 1 TeV

• Observed limit 0.37 in Higgs BR
• Expected limit 0.28 in Higgs BR

• Tool: ETmiss trigger, focus on Higgs at 125 GeV
• Exp't: Wℓv, Zℓℓ  control samples to normalize MC 
• Interpret: Repeat cuts for higher mscalar

https://cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-37/
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Higgs → DM: Combination
[1904.05105], 36 fb-1 (and Run-1)
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-1 = 8 TeV, 20.3 fbs
-1 = 13 TeV, 36.1 fbs

Observed limit
σ1±Expected limit 
σ2±Expected limit 

s = 7 TeV, 4.7 fb-1

All limits at 95% CL

Individual channels

Previous slide

• Observed limit 0.26 in Higgs BR at 95% CL
• Expected limit 0.17 in Higgs BR "

https://arxiv.org/abs/1904.05105


Exciting challenges for HL-LHCTM Hong       
Pittsburgh

�21

Future
Projections, Upgrades, Community effort

2HDM + DM mediator a
ATLAS+CMS+theory [1810.09420] 
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Axial-Vector Mediator
Dirac Fermion DM
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95% CL limits

Projection from Run-2 data

ATLAS Simulation Preliminary
-1 = 13 TeV, 3 abs
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HL-LHC ETmiss trigger threshold
CERN-LHCC-2017-020 
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Figure 6: Example diagrams that give rise to an h+E
miss

T
(upper row), Z +E

miss

T
(middle

row) and tW +E
miss

T
(lower row) signal in the 2HDM+a model. For further details consult

the main text.

resonant mono-Higgs production. Similar resonance enhancements arise from the diagram

on the left-hand side for the mono-Z (middle row) and tW + E
miss

T
(lower row) channel

if MH > MZ + Ma and MH± > MW + Ma, respectively. The interference between the

box diagram and the resonant production is further described in Section 6.3. Resonant

h + E
miss

T
, Z + E

miss

T
and tW + E

miss

T
production is not allowed in the spin-0 DM models

proposed by the DMF because the mediators couple only to fermions at tree level. As a

result only diagrams of the type shown on the right-hand side of Figure 6 are present in

these models.

6.1.1 Mono-Higgs signature

Processes that are resonantly enhanced in the 2HDM+a model have in common that they

involve the on-shell decay of a heavy Higgs H, A, H
± to a SM particle and the mediator a,

which subsequently decays to a pair of DM particles. The kinematics of the process A !

BC is governed by the two-body phase space for three massive particles

�(mA, mB, mC) = (m2

A � m
2

B � m
2

C)2 � 4m
2

Bm
2

C , (6.1)
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Figure 6: Example diagrams that give rise to an h+E
miss

T
(upper row), Z +E

miss

T
(middle

row) and tW +E
miss

T
(lower row) signal in the 2HDM+a model. For further details consult

the main text.

resonant mono-Higgs production. Similar resonance enhancements arise from the diagram

on the left-hand side for the mono-Z (middle row) and tW + E
miss

T
(lower row) channel

if MH > MZ + Ma and MH± > MW + Ma, respectively. The interference between the

box diagram and the resonant production is further described in Section 6.3. Resonant

h + E
miss

T
, Z + E

miss

T
and tW + E

miss

T
production is not allowed in the spin-0 DM models

proposed by the DMF because the mediators couple only to fermions at tree level. As a

result only diagrams of the type shown on the right-hand side of Figure 6 are present in

these models.

6.1.1 Mono-Higgs signature

Processes that are resonantly enhanced in the 2HDM+a model have in common that they

involve the on-shell decay of a heavy Higgs H, A, H
± to a SM particle and the mediator a,

which subsequently decays to a pair of DM particles. The kinematics of the process A !

BC is governed by the two-body phase space for three massive particles

�(mA, mB, mC) = (m2

A � m
2

B � m
2

C)2 � 4m
2

Bm
2

C , (6.1)
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Figure 6: Example diagrams that give rise to an h+E
miss

T
(upper row), Z +E

miss

T
(middle

row) and tW +E
miss

T
(lower row) signal in the 2HDM+a model. For further details consult

the main text.

resonant mono-Higgs production. Similar resonance enhancements arise from the diagram

on the left-hand side for the mono-Z (middle row) and tW + E
miss

T
(lower row) channel

if MH > MZ + Ma and MH± > MW + Ma, respectively. The interference between the

box diagram and the resonant production is further described in Section 6.3. Resonant

h + E
miss

T
, Z + E

miss

T
and tW + E

miss

T
production is not allowed in the spin-0 DM models

proposed by the DMF because the mediators couple only to fermions at tree level. As a

result only diagrams of the type shown on the right-hand side of Figure 6 are present in

these models.

6.1.1 Mono-Higgs signature

Processes that are resonantly enhanced in the 2HDM+a model have in common that they

involve the on-shell decay of a heavy Higgs H, A, H
± to a SM particle and the mediator a,

which subsequently decays to a pair of DM particles. The kinematics of the process A !

BC is governed by the two-body phase space for three massive particles

�(mA, mB, mC) = (m2

A � m
2

B � m
2

C)2 � 4m
2

Bm
2

C , (6.1)
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Example

https://arxiv.org/abs/1810.09420
https://cds.cern.ch/record/2650050/files/ATL-PHYS-PUB-2018-043.pdf
https://iriu.web.cern.ch/iriu/UPGRADE/CERN-LHCC-2017-020/
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Last slide

Conclusion

Fun continues
• Many interesting topics are involved, e.g., 
‣ Scalars that are colored
‣ Dark γ / Z that are loooooooooooooooooong-lived
‣ Pseudoscalar mediators
‣ SUSY, R-parity conserving

Dark matter(s)
Mediator(s)
Known matters

Dark matter Dark matter sector
EFT → simplifed more

meas’ts



Improved understanding 
of the dark matter sector
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Too long; didn’t read   recap

Effective field theory

“GF”
zoom    in

Simplified models

dark matter dark matter mediator

ginit • gfinal 

(mmediator)2



Bonus slides
(if I had 10 more minutes)
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Talk abstract

The presence of a non-baryonic dark matter (DM) component in 
the Universe is inferred from the observation of its gravitational 
interaction. If dark matter interacts weakly with the Standard Model 
(SM) it could be produced at the LHC, escaping the detector and 
leaving a large missing transverse momentum as their signature. 
The ATLAS experiment has developed a broad and systematic 
search program for DM candidates, including resonance searches 
for the mediator which would couple DM to the SM. The results of 
these searches on 13 TeV pp data, their interplay and interpretation 
will be presented, along with some prospects for the HL-LHC.
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ATLAS intro
https://youtu.be/Rwyib-gCVJ4

human size

https://youtu.be/Rwyib-gCVJ4
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ATLAS intro
https://youtu.be/Rwyib-gCVJ4

human size

https://youtu.be/Rwyib-gCVJ4


ATLAS Experiment
JINST 3 (2008) S08003
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http://dx.doi.org/10.1088/1748-0221/3/08/s08003
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Mediator via di-jet
2016 CMS result (with blip) for pedagogy

Little blip

Limit

       Exclusion 
excludes blip

   Assumptions 
on 2 params.

mdi-jet

Right side 
by left plots

Left side by 
next slides
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Figure 1. 95% CL exclusion regions in Mmed � mDM plane for di-jet searches and di↵erent /ET

based DM searches from CMS in the lepto-phobic Axial Vector model. Following the recommendation
of the LHC DM working group [1, 2], the exclusions are computed for a universal quark coupling
gq = 0.25 and for a DM coupling of gDM = 1.0. It should also be noted that the absolute exclusion
of the di↵erent searches as well as their relative importance, will strongly depend on the chosen
coupling and model scenario. Therefore, the exclusion regions, relic density contours, and unitarity
curve shown in this plot are not applicable to other choices of coupling values or model.
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Figure 1. 95% CL exclusion regions in Mmed � mDM plane for di-jet searches and di↵erent /ET

based DM searches from CMS in the lepto-phobic Axial Vector model. Following the recommendation
of the LHC DM working group [1, 2], the exclusions are computed for a universal quark coupling
gq = 0.25 and for a DM coupling of gDM = 1.0. It should also be noted that the absolute exclusion
of the di↵erent searches as well as their relative importance, will strongly depend on the chosen
coupling and model scenario. Therefore, the exclusion regions, relic density contours, and unitarity
curve shown in this plot are not applicable to other choices of coupling values or model.
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https://cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults 

Level-1 (L1) physics trigger rates as a function of instantaneous luminosity in a fill taken in September 2018 with a peak 
luminosity of L = 2.0 x 1034 cm-2s-1 and a peak average number of interactions per crossing of <μ>=56. Presented are 
rates of some representative single-object trigger items, which have not been prescaled. These trigger items are based on 
such objects as electromagnetic clusters (EM), muon candidates (MU), jet candidates (J), missing transverse energy (XE) 
and tau candidates (TAU). The number in the trigger name denotes the trigger threshold in GeV. The letters following the 
threshold values refer to details of the selection: variable thresholds (V), hadronic isolation (H), and electromagnetic 
isolation (I). Dips in the rates are due to dead-time and spikes are caused by detector noise.

https://cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults
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https://cern.ch/twiki/bin/view/AtlasPublic/MissingEtTriggerPublicResults

The combined L1 and HLT efficiency of the lowest unprescaled missing transverse energy triggers for the years 2015 to 
2018 are shown as a function of the Z boson transverse momentum. The events are taken from data with a Z -> mumu 
selection, and the transverse momentum of the Z boson is used as a proxy for the missing transverse momentum in the 
event, as muons are treated as invisible objects by the triggers concerned. Depending on the data-taking period, the HLT 
E_T,miss was calculated by one or a combination of the algorithms "cell", "mht", or "pufit". In the "cell" algorithm, the 
E_T,miss is calculated as the negative of the transverse momentum vector sum of all calorimeter cells passing a two-
sided noise cut. In the "mht" algorithm, the E_T,miss is calculated as the negative of the transverse momentum vector 
sum of all jets reconstructed by the anti-$k_t$ jet finding algorithm from calorimeter topological clusters. These jets have 
pileup subtraction and JES calibration applied. In the "pufit" algorithm, the E_T,miss is calculated as the negative of the 
transverse momentum vector sum of all calorimeter topological clusters corrected for pileup. The pileup correction is 
done by grouping the clusters into coarser "towers" which are then marked as pileup if their E_T falls below a pileup-
dependent threshold. A fit to below-threshold towers is performed, taking into account resolutions, making the assumption 
that the contribution of the pileup to E_T,miss is zero. The fitted pileup E_T density is used to correct the above-threshold 
towers. In later years, the thresholds for these algorithms were raised to compensate for increased pileup, and therefore 
lower efficiencies in the turn on region were observed. High efficiency was maintained for events with E_T,miss > 200 
GeV throughout all years. 

https://cern.ch/twiki/bin/view/AtlasPublic/MissingEtTriggerPublicResults
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Mono-jet, Phys. Rev. D 94 (2016) 032005

Figure 9:
The highest ETmiss monojet event in the 
2015 ATLAS data (Event 606734214, 
Run 279284). A jet with pT of 973 GeV, 
indicated by the green and red bars 
corresponding to the energy deposition 
in the calorimeters, is balanced by a 
ETmiss of 954 GeV, shown as the red 
arrow. Tracks with pT above 2 GeV are 
displayed in the inner detector. 
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Figure 4a:
Measured distributions of the (a) ETmiss, (b) leading-jet pT, (c) 
leading-jet |η|, and (d) jet multiplicity for the ETmiss >250GeV 
selection compared to the SM predictions. The latter are 
normalized with normalization factors as determined by the 
global fit that considers exclusive ETmiss regions. For illustration 
purposes, the distributions of example ADD, SUSY, and WIMP 
scenarios are included. The error bands in the ratios shown in 
the lower panels include both the statistical and systematic 
uncertainties in the background predictions. The last bin of the 
ETmiss and leading-jet pT distributions contains overflows. The 
contributions from multijet and non-collision backgrounds are 
negligible and are only shown in the case of the ETmiss 
distribution. 
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Mono-jet, JHEP 01 (2018) 126
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Figure 2a:
The measured (a),(c),(e) ETmiss and (b),(d),(f) leading-jet pT 
distributions in the W(→ μ ν)+jets, W(→ e ν)+jets, and Z/γ*(→ 
μ+μ-)+jets control regions, for the ETmiss > 250GeV inclusive 
selection, compared to the background predictions. The latter 
include the global normalization factors extracted from the fit. 
The error bands in the ratios include the statistical and 
systematic uncertainties in the background predictions as 
determined by the binned-likelihood fit to the data in the control 
regions. The last bin of the ETmiss and leading-jet pT distributions 
contains overflows. The contributions from multijet and non-
collision backgrounds are negligible and are not shown in the 
Figures. 



Figure 5a:
(a) Axial-vector 95% CL exclusion contours in the mZA–mχ parameter plane. The solid (dashed) curve shows the 
observed (expected) limit, while the bands indicate the ± 1σ theory uncertainties in the observed limit and ± 1σ and ± 2σ 
ranges of the expected limit in the absence of a signal. The red curve corresponds to the set of points for which the 
expected relic density is consistent with the WMAP measurements (i.e. Ω h2 = 0.12), as computed with MadDM [95]. The 
region on the right of the curve corresponds to higher predicted relic abundance than these measurements. The region 
excluded due to perturbativity, defined by mχ > √π/2 mZA, is indicated by the hatched area. The dotted line indicates the 
kinematic limit for on-shell production mZA = 2 × mχ. The cyan line indicates previous results at 13TeV [1] using 3.2 fb-1. 
(b) A comparison of the inferred limits (black line) to the constraints from direct detection experiments (purple line) on the 
spin-dependent WIMP–proton scattering cross section in the context of the simplified model with axial-vector couplings. 
Unlike in the mZA–mχ parameter plane, the limits are shown at 90% CL. The results from this analysis, excluding the 
region to the left of the contour, are compared with limits from the PICO [96] experiment. The comparison is model-
dependent and solely valid in the context of this model, assuming minimal mediator width and the coupling values gq=1/4 
and gχ=1. �37

Mono-jet, JHEP 01 (2018) 126
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Figure 7:
ETmiss distribution for the resolved and the merged signal 
regions combined. The upper panel shows a 
comparison of data to the SM expectation before 
(dashed lines) and after the fit (solid histograms) with no 
signal included. The lower panels display the ratio of 
data to SM expectations after the background-only fit, 
with its systematic uncertainty considering correlations 
between individual contributions indicated by the 
hatched band. The expected signal from a 
representative Z′-2HDM model is also shown (long-
dashed line). 
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Mono-Hbb̅, ATLAS-CONF-2018-039 
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Figure 6d:
Distributions of the invariant mass of the Higgs boson 
candidates mh = mjj, mJ with two b-tagged jets in the SR for the 
four ETmiss categories that are used as inputs to the fit. The 
upper panels show a comparison of data to the SM expectation 
before (dashed lines) and after the fit (solid histograms) with no 
signal included. The lower panels display the ratio of data to 
SM expectations after the background-only fit, with its 
systematic uncertainty considering correlations between 
individual contributions indicated by the hatched band. The 
expected signal from a representative Z′-2HDM model is also 
shown (long-dashed line), and it is scaled up by a factor of 
1000 and 100 for the lowest two ETmiss bins [150 GeV, 200 GeV) 
and [200 GeV, 350 GeV), respectively. 

https://cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-039/
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Figure 9:
Comparison of the expected upper limits on the signal 
strength μ for the analysis using variable-radius (VR) track-
jets (dashed line) against the previous iteration of the 
analysis performed with fixed-radius (FR) track-jets (dash-
dotted line) with two b-tagged jet and scaled to 79.8 fb-1, for 
fixed mA = 500 GeV and different values of mZ' of the 
Z′-2HDM benchmark model. Other differences between the 
two analyses include the suppression of the multijet 
background using the object-based ETmiss significance, 
reduced uncertainties from the MC statistics, and the 
improve calibration of the b-tagging efficiency in the VR 
analysis. The lower panel is the ratio of the upper limits, 
showing a significant improvement in the high mZ' region. �39

Mono-Hbb̅, ATLAS-CONF-2018-039

Figure 8:
Exclusion contours for the Z′-2HDM scenario in the (mZ',mA) 
plane for tan(β) = 1, gZ'=0.8, and mχ=100 gev. The observed 
limits (solid line) are consistent with the expectation under the 
SM-only hypothesis (densely dashed line) within uncertainties 
(filled band). Observed limits from previous ATLAS results at √s 
= 13 TeV (dash-dotted line) are also shown. 
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Figure 2a:
The 95% CL upper limit obtained from the dijet invariant 
mass (mjj) distribution on cross-section times acceptance 
times branching ratio to two jets, σ× A × BR, as a function 
of (a) the mass of a q* signal (mq*) and (b) the mass of a 
hypothetical signal that produces a Gaussian-shaped 
contribution to the mjj distribution. For Gaussian-shaped 
signals the observed limits are reported for different width 
hypotheses σG. The expected limit and corresponding ±1σ 
and ±2σ uncertainty bands are also indicated for the q* 
model in (a). Limits corresponding to a Gaussian-shaped 
signal with a relative width of 15% are set up to mG=6,TeV 
due to the poor background estimation when a broad 
signal overlaps the upper end of the mjj spectrum. �40

High-mass di-jet, ATLAS-CONF-2019-007

Figure 1:
The reconstructed dijet mass distribution, mjj, is shown for 
events with p T > 150,GeV for the two leading jets, with |y*| <0.6, 
and mjj greater than 1.1,TeV (filled points). The solid line depicts 
the background prediction from the sliding-window fit. The 
vertical lines indicate the most discrepant interval identified by 
the BumpHunter algorithm [49,50], for which the p-value is 
reported in the figure. The expected contributions for q* signal 
with a mass of 4 and 5 TeV are overlaid, normalized to 0.1 
times their predicted cross section. The lower panel shows the 
bin-by-bin significance of the data-fit discrepancy, based only 
on statistical uncertainties. 

http://cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-007/
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High-mass di-jet, ATLAS-CONF-2019-007

Figure 3:
A visualization of the highest-mass dijet event, (Event 4144227629, Run 305777) recorded in 2016: the two central high-p T 
jets each have transverse momenta of 3.74 TeV, they have a y* of 0.38 and their invariant mass is 8.02 TeV. 

http://cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-007/
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High-mass di-jet, ATLAS-CONF-2019-007

Figure 4 (same event as 3):
A visualization of the highest-mass dijet event, (Event 4144227629, Run 305777) recorded in 2016: the two central high-p T 
jets each have transverse momenta of 3.74 TeV, they have a y* of 0.38 and their invariant mass is 8.02 TeV. 

http://cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-007/
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High-mass di-jet, ATLAS-CONF-2019-007

Figure 5 (same event as 3):
A visualization of the highest-mass dijet event, (Event 4144227629, Run 305777) recorded in 2016: the two central high-p T 
jets each have transverse momenta of 3.74 TeV, they have a y* of 0.38 and their invariant mass is 8.02 TeV. 

http://cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-007/
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Figure 1: Schematic representation of the dominant production and decay modes for the V/AV model.
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Figure 2: Schematic representation of the dominant production and decay modes for the (a) VBC model and (b,c,d)
VFC model.

diagrams for this model are shown in Figure 1. The Z
0 mediator can decay into a pair of quarks, a pair of

leptons, or a pair of DM particles. In the latter case, an additional visible object has to be produced in
association with the mediator as initial-state radiation (ISR), as shown in Figure 1(a). The visible object
can either be a jet, a photon or a W or Z boson. In order to highlight the complementarity of dedicated
searches based on di�erent final states [62], two coupling scenarios, a leptophobic and a leptophilic Z

0

mediator, respectively, are considered for the interpretation of these models (see Section 6.1.1).

2.1.2 Baryon-number-charged interaction

The baryon-number-charged mediator simplified model [60, 103] (VBC) considers a spin-1 vector mediator.
It also assumes that the charge of the U(1) symmetry coincides with the baryon number and it is
spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is a stable baryonic
state and it is neutral under the SM gauge symmetry. While the model can provide an ISR signature
through s-channel Z

0

B-mediator production subsequently decaying into a pair of DM candidates as for the
V/AV models described in the previous section (Figure 1(a)), it can also exhibit a distinctive h + E

miss
T

signature [103], as shown in Figure 2(a). The model has five parameters [103], whose values are chosen
to enhance the cross-section for h + E

miss
T final states relative to traditional ISR signatures. The mixing

angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to comply with
the current Higgs boson coupling measurements. The coupling of the mediator Z

0

B with the quarks, gq,
and the DM, g�, are set to 1/3 and 1, respectively. The coupling of the mediator with the Higgs boson,
gZ0

B
, is set to the ratio of the mediator mass to the vacuum expectation value (VEV) of the baryonic Higgs
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Figure 3: Schematic representation of the dominant production and decay modes for the S/PS models.

implies that these mediators are sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks (see Figure 3). According to whether the mediator decays into a pair of DM
or SM particles, di�erent final states are sensitive to these models. Due to the Yukawa-like structure
of the couplings, visible final states with two or four top quarks are particularly important signatures.
Final states involving a single top quark and E

miss
T may also play an important role in constraining these

models [136–141]. Despite the absence of a dedicated parameter that regulates the relative importance
of up-type and down-type quark couplings (otherwise present in UV completions of these models as in
Section 2.3.2), it is also important to study final states involving bottom quarks separately, since these
become a relevant signature if the up-type couplings are suppressed.

2.2.2 Colour-charged interaction

The scalar colour-charged interaction model (SCC) assumes that the scalar mediator couples to left- or
right-handed quarks and it is a colour triplet. The DM particle(s) is produced via a t-channel exchange of
the mediator which leads to a di�erent phenomenology from that of colour-neutral interactions. These
models have a strong connection with the minimal supersymmetric Standard Model (MSSM) [142, 143]
with a neutralino DM and first- and second-generation squarks with universal masses. They share with it
the same cross-sections and phenomenology when the mediator is pair-produced via strong interaction.
Nevertheless, additional production diagrams are considered in this scenario, since values assumed for the
couplings of the mediator to quarks and DM di�er from those of the MSSM.

As in the case of the MSSM, it is reasonable to decouple the first two generations from the third, considering
the di�erent mass scales. For this purpose, three di�erent models are considered:2
2 These three scenarios provide benchmarks for each signature considered and do not aim to be an exhaustive set of models
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Figure 5: Schematic representation of the dominant production and decay modes for the 2HDM+Z
0

V model.

2.3.1 Two-Higgs-doublet models with a vector mediator

The first two-Higgs-doublet model [155], denoted for brevity 2HDM+Z
0

V in the following, is based on a
type-II 2HDM [154, 156] with an additional U(1) gauge symmetry, which gives rise to a new massive Z

0

V
gauge boson state. The Z

0

V boson, which can mix with the Z boson, couples only to right-handed quarks
and only to the Higgs doublet that couples to the up-type fermions. The CP-odd scalar mass eigenstate,
A, from the extended Higgs sector couples to DM particles and complies with electroweak precision
measurement constraints. The phenomenology of this model is extended with respect to the simplified case
due to the presence of a new decay mode Z

0

V ! hA, as shown in Figure 5, with the A boson decaying into
a pair of DM particles with a large branching ratio (when kinematically possible), as long as the decay
into a pair of top quarks is kinematically forbidden [32]. Additional signatures involving decays of the Z

0

V
boson into SM particles or the H and H

± bosons are possible in the model. However, the model parameters
are chosen in order to be consistent with the constraints from searches for heavy-boson resonances on this
model [157], and therefore these signatures are not considered further in the context of this interpretation.
The model has six parameters [157]: tan �, the ratio of the vacuum expectation values of the two Higgs
doublets, is set to unity; m�, the DM mass, is set to 100 GeV; and gZ , the coupling of the new Z

0

V U(1)
gauge symmetry, is set to 0.8. The masses mh and mH = mH± of the two CP-even and charged Higgs
bosons are set to 125 GeV, and 300 GeV, respectively, while mA, the mass of the CP-odd Higgs partner
and mZ

0

V
are free parameters and varied in the interpretation.

2.3.2 Two-Higgs-doublet models with a pseudo-scalar mediator

The second 2HDM model [149], 2HDM+a, includes an additional pseudo-scalar mediator, a. In this
case also, the 2HDM coupling structure is chosen to be of type-II, although many of the interpretations
considered in this paper hold for a type-I case too. The additional pseudo-scalar mediator of the model
couples the DM particles to the SM and mixes with the pseudo-scalar partner of the SM Higgs boson. The
physics of the model is fully captured by 14 parameters: the masses of the CP-even (h and H), CP-odd (a
and A) and charged (H±) bosons; the mass of the DM particle (m�); the three quartic couplings between
the scalar doublets and the a boson (�P1, �P2 and �3); and the coupling between the a boson and the DM,
y�; the electroweak VEV, v; the ratio of the VEVs of the two Higgs doublets, tan �; and the mixing angles
of the CP-even and CP-odd weak eigenstates, ↵ and ✓, respectively. The alignment and decoupling limit
(cos(� � ↵) = 0) is assumed, thus h is the SM Higgs boson and v = 246 GeV. The quartic coupling �3 = 3
is chosen to ensure the stability of the Higgs potential for our choice of the masses of the heavy Higgs
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(d)

Figure 4: Schematic representation of the dominant production and decay modes for the SCC models.

1. In the SCCq model, the mediator, ⌘q, couples to the left-handed quarks of the first and second
generation and is a SU(2) singlet under the SM. The mediator decays into a quark–DM pair, so
that the strongest sensitivity for these models is provided by searches involving jets and missing
transverse momentum. The three model parameters are the mediator mass, the DM mass, and the
flavour-universal coupling to quarks and DM, �q . This model is described in detail in Refs. [26, 98]
and representative diagrams are shown in Figures. 4(a), 4(b) and 4(c).

2. In the SCCb model, the mediator, ⌘b, couples to the right-handed bottom quark. Following previous
publications [25, 144], the specific realisation of this model is obtained within the framework of
“flavoured” DM, where the DM candidate is the lightest component of a flavour triplet [128]. With
these assumptions, the mediator always decays into a b-quark–DM pair. Of the three parameters
of the model, the mediator and DM masses and the coupling, �b, only the first two are varied,
while the last one is set to the value predicting a DM relic density compatible with astrophysical
observations [133]. Representative diagrams for these models are presented in Figures. 4(b) and 4(c).

3. In the SCCt model, the mediator, ⌘t , consists of a SU(2)L-singlet field that couples to right-handed
quarks, and is produced by down-type quark–anti-quark fusion, and it decays into a top quark and a
DM particle. The representative diagram is shown in Figure 4(d). This specific realisation of the
model [106], which gives rise to a characteristic signature composed of a single top quark and an
invisible particle, can be related to the MSSM if an additional R-parity violating interaction of the
top squark with the down-type quarks is assumed. The coupling strength of the mediator to DM and
top quarks, denoted by �t , and the coupling strength to light-flavour down-type quarks, gds, are free
parameters of the model.

2.3 Extended Higgs sector dark matter models

The third category of models aims to extend the simplified DM mediator models by involving an extended
two-Higgs-doublet sector (2HDM) [145–153], together with an additional mediator to DM, either a vector
or a pseudo-scalar. This embeds the simplified models in a UV-complete and renormalisable framework
and allows the investigation of a broad phenomenology predicted by these types of models. In both models,
the 2HDM sector has a CP-conserving potential and a softly broken Z2 symmetry [154], and the alignment
limit is assumed, so that the lightest CP-even state, h, of the Higgs sector can be identified with the SM
Higgs boson.

involving colour-charged interactions

9

bosons which are themselves fixed to the same value (mA = mH± = mH ) to simplify the phenomenology
and evade the constraints from electroweak precision measurements [149]. The other quartic couplings are
also set to 3 in order to maximise the trilinear couplings between the CP-odd and the CP-even neutral states.
Finally, y� = 1 is chosen, having a negligible e�ect on the kinematics in the final states of interest.

This model is characterised by a rich phenomenology. The production of the lightest pseudo-scalar is
dominated by loop-induced gluon fusion, followed by associated production with heavy-flavour quarks or
associated production with a Higgs or Z boson (Figures 6(a)-6(c)). Furthermore, according to the Higgs
sector’s mass hierarchy, Higgs and Z bosons can be produced in the resonant decay of the heavier bosons
into the lightest pseudo-scalar (Figures 6(d)-6(f)). The pseudo-scalar mediator can subsequently decay into
either a pair of DM particles or a pair of SM particles (mostly top quarks if kinematically allowed), giving
rise to very diverse signatures. The four-top-quark signature [158] is particularly interesting in this model if
the neutral Higgs partner masses are kept above the tt̄ decay threshold, since, when kinematically allowed,
all heavy neutral bosons can contribute to this final state, as depicted in the diagram of Figure 6(c). Four
benchmark scenarios [63] that are consistent with bounds from electroweak precision, flavour and Higgs
observables are chosen to investigate the sensitivity to this model as a function of relevant parameters:
ma,mA, tan �, sin ✓ and m�.

H/A/a

g

g

b̄/t̄

b/t/(�)

b̄/t̄/(�̄)

b/t

Figure 23: Diagram 23

t

t

t̄

A/a

g

g

�̄

�

g

Figure 24: Diagram 24

12

(a)

t

t

t̄

A/H/a

g

g

b̄/t̄

b/t

Figure 25: Diagram 25

g

g

g

t̄

t

�

�

Figure 26: Diagram 26

13

(b)

H/A/a

g

g

b̄/t̄

b/t/(�)

b̄/t̄/(�̄)

b/t

Figure 23: Diagram 23

t

t

t̄

A/a

g

g

�̄

�

g

Figure 24: Diagram 24

12

(c)

H�
a

g

b

W�

�̄

�

t

Figure 21: Diagram 21

t

t

t

t̄ A/a

g

g

�̄

�

Z/�/g/h

Figure 22: Diagram 22

11

(d)

Z �
V

q

q̄

f̄

f

Figure 19: Diagram 19

t

t

t̄

A/H

a

g

g

�̄

�

Z/h

Figure 20: Diagram 20

10

(e)

H�
a

g

b

W�

�̄

�

t

Figure 21: Diagram 21

t

t

t

t̄ A/a

g

g

�̄

�

g/h/Z/�

Figure 22: Diagram 22

11

(f)

Figure 6: Schematic representation of the dominant production and decay modes for the 2HDM+a model.

2.4 EFT model of scalar dark energy

The Horndeski theories [91] introduce a dark energy scalar which couples to gravity and provide a useful
framework for constraining the cosmological constant problem and the source of the acceleration of
the expansion of the universe. The model considered in this paper is an EFT implementation of these
theories [79]. In this model, the dark energy field is assumed to couple to matter universally. The
model contains two classes of e�ective operators: operators which are invariant under shift-symmetry
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Figure 12a:
Regions in a (mediator-mass, DM-mass) plane excluded at 95% CL by visible and invisible searches, for leptophobic (a) or 
leptophilic (b) axial-vector mediator simplified models. The exclusions are computed for a DM coupling gχ, quark coupling gq, 
universal to all flavours, and lepton coupling gℓ; as indicated in each case. Dashed curves labelled ``thermal relic" correspond 
to combinations of DM and mediator mass values that are consistent with a DM density of Ω h2= 0.12 and a standard thermal 
history, as computed in MadDM [arXiv:1703.05703,arXiv:1509.03683]. Between the two curves, annihilation processes 
described by the simplified model deplete Ω h2 to below 0.12 . A dotted line indicates the kinematic threshold where the 
mediator can decay on-shell into DM. Excluded regions that are in tension with the perturbative unitary considerations of 
[arXiv:1510.02110] are indicated by shading in the upper left corner. 
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Figure 13a:
A comparison of the inferred limits with the constraints from direct detection experiments on (a) the spin-dependent WIMP--
proton scattering cross-section in the context of the vector leptophobic model and (b) the spin-independent WIMP--nucleon 
scattering cross-section in the context of the axial-vector leptophilic model. The results from this analysis, excluding the region 
inside or to the left of the contour, are compared with limits from direct detection experiments. ATLAS limits are shown at 95% 
CL and direct detection limits at 90% CL. ATLAS searches and direct detection experiments exclude the shaded areas. 
Exclusions beyond the canvas are not implied for the ATLAS results. The dijet and ETmiss+X exclusion regions represent the 
union of exclusions from all analyses of that type. 
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Figure 19a:
Regions in the (a) (ma,mA) and (b) (ma,tanβ) planes excluded by data at 95% CL by X+ETmiss and ttt̄t ̄analyses, following the 
parameter choices of scenarios 1 and 2 of the 2HDM+a model. The dashed grey regions at the top of (a) and the bottom of (b) 
indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass. The exclusion limits presented above 
conservatively neglect the contribution from bb-̄initiated production, which might be sizeable for tanβ ≥ 3 for the Z+ETmiss 
channel and, to a lesser extent, for the h+ETmiss one. 
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Figure 19b:
Regions in the (a) (ma,mA) and (b) (ma,tanβ) planes excluded by data at 95% CL by X+ETmiss and ttt̄t ̄analyses, following the 
parameter choices of scenarios 1 and 2 of the 2HDM+a model. The dashed grey regions at the top of (a) and the bottom of (b) 
indicate the region where the width of any of the Higgs bosons exceeds 20% of its mass. The exclusion limits presented above 
conservatively neglect the contribution from bb-̄initiated production, which might be sizeable for tanβ ≥ 3 for the Z+ETmiss 
channel and, to a lesser extent, for the h+ETmiss one. 
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Figure 1: Dijet mass distributions for the (a) flavour-inclusive and (b) b-tagged categories. In both figures, the
distribution for the sample collected using the combined trigger with E�

T > 95 GeV and two pjet
T > 25 GeV jets (filled

circles) and the distribution for the sample collected using the single-photon trigger with E�
T > 150 GeV (open

squares) are shown separately. The solid lines indicate the background estimated from the fitting method described in
the text. Also shown are the p-values both by a �2 comparison of data to background estimate and by BumpHunter
(BH). The solid and empty triangles represent a Z 0 injected signal with gq = 0.1, masses of 550 and 250 GeV,
respectively, where the theory-cross section is multiplied by the factor shown in the legend. The bottom panels
show the significances of bin-by-bin di�erences between the data and the fits for the combined trigger (middle) and
single-photon trigger (bottom). These Gaussian significances are calculated from the Poisson probability, considering
only statistical uncertainties on the data.

used in conjunction with the dedicated parton shower tuning developed by the S����� authors. These
samples, alone and in combination with the signal samples discussed below, were used to validate the
background model obtained with the above mentioned method, and they were also used to verify that the
fitting procedure is robust against false positive signals. Additionally, the simulated samples were used to
calculate the fractional dijet mass resolution, which was found to be in the range 8%–3% for the masses of
225 GeV up to 1.1 TeV considered in this search.

5 Search results

Figure 1 shows the results of fitting each of the observed distributions, as described in Section 4. For each
distribution, the function among those in Eqs. (1) and (2) and their variants which yields the highest �2

p-value (shown in the figure) is chosen as the primary function for the fitting method. The function with
the lowest �2 p-value which still results in a p-value larger than 0.05 is chosen as an alternative function.
The primary and alternative functions for each of the four search categories are shown in Table 2. The
alternative function is used to estimate the systematic uncertainty of the background prediction due to the
choice of function, as described below.

The statistical significance of any localised excess in each mjj distribution is quantified using the
BumpHunter (BH) algorithm [54, 55]. The algorithm compares the binned mjj distribution of the
data with the fitted background estimate, considering mass intervals centered in each bin location and with

7

200 300 400 500 600 700 800 900 1000

 [GeV]Z’m

0.1

0.15

0.2

0.25

0.3

0.35qg

ATLAS

 = 13 TeVs

1−79.8 fb 1−76.6 fb

Flavour inclusive

 

95% CL upper limits

Observed

)σ 1-2±Expected (

(a)

200 300 400 500 600 700 800 900 1000

 [GeV]Z’m

0.1

0.15

0.2

0.25

0.3

0.35qg

 InternalATLAS

 = 13 TeVs

1−79.8 fb 1−76.6 fb

2 b-tags

 

95% CL upper limits

Observed

)σ 1-2±Expected (

(b)

Figure 2: Excluded values of the coupling between a Z 0 and quarks, at 95% CL, as a function of mZ0 , from (a)
the flavour-inclusive and (b) the b-tagged categories. Below 450 GeV the distribution of events selected by the
single-photon trigger is used for hypothesis testing, while above 450 GeV the combined trigger is used.

mass values are used to set 95% credibility-level (CL) upper limits on the cross-section times acceptance
[12]. The limits are obtained for a discrete set of points in the gq–mZ0 plane, shown in Figure 2.

A more generic set of limits is shown in Figure 3. These limits apply to the visible cross-section from
a Gaussian-shape contribution to the mjj distribution, where the visible cross-section is defined as the
product of the production cross-section, the detector acceptance, the reconstruction e�ciency, and the
branching ratio, � ⇥ A ⇥ ✏ ⇥ B. The Gaussian-shape contributions have mass mG and widths that span
from the detector mass resolution, denoted “Res.” in the figure, ranging from 8% to 3% for the mass
range considered, for an intrinsically narrow resonance, up to 15% of the mean of the Gaussian mass
distribution.

Both the choice of fit function and statistical fluctuations in the mjj distribution can contribute to uncertainties
in the background model. To account for the fit function choice, the largest di�erence between fits among
the variants of Eq. (1) and Eq. (2) that obtain a p-value above 0.05, is taken as a systematic uncertainty. The
uncertainty related to statistical fluctuations in the background model is computed via Poisson fluctuations
around the values of the nominal background model. The uncertainty of the prediction in each mjj bin is
taken to be the standard deviation of the predictions from all random samples.

The reconstructed signal mass distributions are a�ected by additional uncertainties related to the simulation
of detector e�ects. The jet energy scale uncertainty is applied to the Z 0 mass distributions using a
four-principal-component method [47, 60, 61], leading to an average 2% shift of the peak value for each
mass distribution. For the Gaussian-shape signal models, this average 2% shift is taken as the uncertainty of
the mean of each Gaussian distribution. In the case of the b-tagged categories, uncertainties of the b-tagging
e�ciency are the dominant uncertainties in each mass distribution. To account for these uncertainties, the
contribution of each simulated event to a given mass distribution is reweighted by 5%–15% for each jet,
depending on its pT [49].

The remaining uncertainties are modelled by scaling each simulated distribution by 3% to account for jet
energy resolution in all categories [47], 2% for photon identification uncertainties in the single-photon-
trigger categories and 1.4% in the combined-trigger categories [38], 3% to account for e�ciencies of
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Fig. 2. Distribution of event yields in the Z (top) and W (bottom) control regions. 
The postfit normalizations for m jj (left) and Emiss

T (right) are summed over the sub-
samples. The Emiss

T distributions start at 180 GeV as indicated. The observed data N
(dots) are superimposed on the sum of the backgrounds B (stacked histogram with 
shaded systematic uncertainty bands). The breakdown of the B is given in the lower 
left box in each panel. The bottom panels show the ratios of N to B with the sys-
tematic uncertainty band shown on the line at 1. The “other,” as listed in Table 1, 
contribute a few events at low values of m jj and Emiss

T , and are omitted. The last 
bin in each plot contains the overflow.

The postfit value of νfake (the product ρfake ·νfake) is the abso-
lute number of e fake events in the W high

eν (W low
eν ) subsamples. 

Since there is a νfake parameter for each bin i, the m jj shape is 
also predicted. Apart from determining the ρfake value, which is 
fixed in the fit, Feν is not part of the fit model. We note that the 
W high

eν -W low
eν samples are split by charge, because W ± production 

is not symmetric in pp collisions. However, the same νfake param-
eter is used for both charges because the e fakes are expected to 
be symmetric in charge since they originate mostly from multijet 
events.

The remaining processes—top quarks, dibosons, multijets—
contribute negligibly to the SR (called “other” in Table 1). The 
first two are estimated with MC using nominal cross sections. The 
multijet contribution is very small, but it is a difficult process to 
estimate. It is a potentially dangerous background because those 
events that pass the Emiss

T selection are mostly due to instrumen-
tal effects.

The billionfold-or-more reduction of multijets after the event 
selection makes it impractical to simulate, so a data-driven method 
based on a rebalance-and-smear strategy [72] is used. The assump-
tion is that the Emiss

T is due to jet mismeasurement in the detector 
response to jets and neutrinos from heavy-flavor decays [73,74]. 
Using the jet-triggered sample, the jet momenta are rebalanced by 
a kinematic fit, within their experimental uncertainties, to obtain 
the balanced value of the jets’ pT. The rebalanced jets are smeared 
according to jet response templates, which are obtained from MC 
and validated with dijet data. The rebalance-and-smear method 
predicts both the shape of the Emiss

T distribution and the absolute 
normalization. The procedure is verified in a #φ j j-sideband vali-
dation region (VR) with 95% purity of QCD multijet events. This 
VR is defined by 1.8< | #φ j j |< 2.7 and the loosening of the other 
requirements (| #η j j |>3, m jj >0.6 TeV, and allow a third leading 
jet with 25< pT <50 GeV, but no other jets with pT > 25 GeV). The 

Fig. 3. Distribution of event yields in the multijet validation region for m jj (left) and 
Emiss

T (right). The m jj plot shows the 100< Emiss
T <120 GeV subset of the right plot 

as indicated by the arrow. The N observed data (dots) are superimposed on the 
sum of the B backgrounds (stacked histogram). The systematic uncertainty band 
applies only to the multijet component. The statistical uncertainties are relatively 
large because of the weighting of the trigger samples with large prescale values. 
See the caption of Fig. 2 for other plotting details.

comparison of the predictions and the data in the VR shows good 
agreement (Fig. 3). The multijet component is obtained using the 
rebalance-and-smear method with the associated systematic un-
certainty bands, while the non-multijet components are obtained 
using MC.

6. Uncertainties

Experimental and theoretical sources of uncertainties as well as 
the correlations between the various sources are described. The re-
sulting impact of the uncertainties on the yields and on the signal 
sensitivity is summarized later in Table 2.

Experimental sources of uncertainty are due mainly to the jet 
energy scale and resolution [75], Emiss

T soft term [76], and lep-
ton measurements [42,43]. In order to reduce fluctuations due to 
limited MC sample size, the uncertainties in number of expected 
events for the variations of jet energy scale and resolution for the 
strong and electroweak background samples are averaged. This is 
motivated by the similarities of the kinematics and the detector ef-
fects for the two production processes for each m jj bin. The uncer-
tainty related to lepton identification or veto has a non-negligible 
(negligible) effect on αW (αZ) because of the following scenarios. 
The Wℓν background is significant in the SR, which results in an 
uncertainty for the cases related to the lepton veto. The Zℓℓ back-
ground is negligible in the SR, because the selection requires there 
to be no leptons.

The following experimental sources have small or negligible 
impact in the final result. The pileup distribution and luminosity 
[77,78] have a relatively small impact. The trigger efficiency mod-
eling, for both the lepton triggers for the CR and Emiss

T triggers for 
the SR, are not listed in Table 2. Their impact on the events yields 
was at the 1% level and their impact on the signal sensitivity are 
found to be negligible.

Theoretical sources of uncertainty are due mainly to scale 
choices in fixed-order matrix-element calculations. For the back-
ground processes, QCD scales are varied for the resummation 
scale (resum.), renormalization scale (renorm.), factorization scale 
(fact.), and ckkw matching scale. The first three scales in the list—
technically called q2, µR, µF, respectively—are varied by a factor 
of two [79,80]. For the ckkw matching scale between the matrix 
element and the parton shower [60], the central value and the 
considered variations are 20+10

−5 GeV. The higher-order electroweak 
corrections to the strongly produced W or Z are found to be neg-
ligible.
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MC in the trigger, the lepton identification efficiency, and the jet 
energy scale and resolution using dedicated data samples.

For the signal process, the VBF events were generated at next-
to-leading order (NLO) in QCD using powheg-box2 [50]; inclusive 
NLO electroweak corrections were applied using hawk [51]. The 
generated events were interfaced with pythia8 [52] for hadroniza-
tion and showering, using the aznlo tune [53] and the nnpdf3.0 
NNLO PDF set [54]. The gluon fusion events were generated using
powheg-nnlops [55] with the pdf4lhc15 PDF set [56] interfaced to 
a fast detector simulation [57–59]. The cross section for ggF (VBF) 
was computed at N3LO (NNLO) in QCD and NLO (NLO) in elec-
troweak. The showering simulation followed the same procedure 
as for the VBF sample. For both the VBF and gluon fusion events, 
the H → Z Z∗ → 4ν process is included in the sample as invisible 
decays of the Higgs boson. Additional scalars with masses up to 
3 TeV were simulated as described above for VBF signal process, 
assuming a full width of 4 MeV.

The W and Z events were generated using sherpa2.2.1 [60] with
comix [61] and openloops [62] matrix-element generators, and 
merged with sherpa parton shower [63] using the me+ps@nlo pre-
scription [64]. The nnpdf3.0 NNLO PDF set was used. In terms of 
the order of the various processes, the strong production was cal-
culated at NLO for up to two jets and leading order (LO) for the 
third and fourth jets. The electroweak production was calculated 
at LO for the second and third jets. The levels of the interference 
between electroweak and strong processes were computed with
madgraph5_amc@nlo [65]. The interference on the total expected 
background is only 0.1% and thus neglected.

Other potential background processes involve top quarks, di-
bosons, and multijets. Top quarks and dibosons were generated 
with powheg interfaced with pythia and evtgen [66], which sim-
ulate the heavy-flavor decays. The diboson backgrounds include 
electroweak-mediated processes. The multijet estimate does not 
directly use the MC.

To each hard-scatter MC event, pileup collisions (30 on average) 
were added to mimic the environment of the LHC. The pileup col-
lisions, simulated with pythia8 [52] using mstw2008 PDF [67] and 
the a2 set of tuned parameters [68], were subsequently reweighted 
to reproduce the pileup distribution in data.

The sizes of the MC samples vary depending on the process. 
The effective luminosity ranges for the MC samples varies depend-
ing on the process and on the selections, which are defined in 
Section 4. For the W process, the MC sample is approximately half 
of that of the data selected for the W control region and also half 
for the signal region. For the Z process, the MC sample for the Zℓℓ

subprocess is approximately twice that of data in the Z control re-
gion; the MC sample for Zνν subprocess is approximately the same 
as that of data in the signal region.

4. Event selection

All events must have a primary vertex. The selection listed be-
low divides the data sample into a signal-enriched search region 
(SR) and background-enriched control regions (CR). The control re-
gions and the statistical fit are discussed in detail in Section 5. The 
rest of this section focuses on the SR and the prefit event yields.4

For the SR, an event is required to have

• no isolated electron or muon,
• a leading jet with pT >80 GeV,
• a subleading jet with pT >50 GeV,

4 “Prefit” indicates that the event yields are not adjusted according to the statis-
tical treatment of the background predictions, which is described in the second half 
of Section 5. “Postfit” labels the quantities that come out of the fit procedure.

Table 1
Event yields in the signal region (SR) and control regions (CR) summed over lep-
ton charge and flavor. The yields are the prefit values for m jj > 1 TeV. The observed 
data (N), the background estimate (B), and the signal (S for mH = 125 GeV with 
Binv =1) are given. The B and S values for individual processes are rounded to a 
precision commensurate with the sampling uncertainty associated with the finite 
MC sample size. For all processes the fractions of electroweak production [ew] are 
given. “Other” is defined in the text.

Description SR W CR Z CR

Yield [ew] Yield [ew] Yield [ew]

N , observed 2252 1602 166
B , expected 2243 1648 183

Z →νν 1111 [18%] – –
Z → ee,µµ 12 [9%] 38 [9%] 181 [23%]
Z →ττ 10 [16%] 11 [16%] –
W → eν,µν 540 [16%] 1400 [30%] –
W →τν 533 [20%] 130 [34%] –
Other 36 67 2

S , signal 1070 – –
VBF 930 – –
Gluon fusion 140 – –

• no additional jets with pT > 25 GeV,
• Emiss

T >180 GeV,
• Hmiss

T > 150 GeV.

The two jets are required to have the following properties:

• not be aligned with E⃗miss
T , | $φ j-met |>1,

• not be back-to-back, | $φ j j |< 1.8,
• be well separated in η, | $η j j |> 4.8,
• be in opposite η hemispheres, η j1 ·η j2 <0,
• m jj >1 TeV.

The SR includes background events containing a W or Z plus two 
jets, where the W decays into eν , µν , and τν , and the Z decays 
into two neutrinos. Here the leptons from the W decays are not 
reconstructed since they would otherwise be rejected by the se-
lection.

Table 1 gives the prefit SR yields in the first column. The VBF 
production process gives the biggest contribution (87%) to the sig-
nal sample (fixed as Binv = 1). The contribution from gluon fusion 
accompanied by parton radiation is small (13%) and other produc-
tion modes contribute negligibly. The fraction of VBF signal events 
that pass the signal region event selections, defined as acceptance 
times reconstruction efficiency, is 0.7%. As is discussed in Sec-
tion 7, the signal significance is improved by considering three bins 
of m jj defined as follows: 1<m jj ≤1.5 TeV, 1.5<m jj ≤2 TeV, and 
m jj > 2 TeV. The prefit S/B ratio (for Binv =1) in these bins is ap-
proximately 0.3, 0.4, 0.8, respectively.

For the backgrounds, both the strong production and the EW 
production contribute in the SR. The strong production processes 
contributes more than 70% of the backgrounds in all of the m jj
bins. There is variation in the EW fractions for the background 
processes due to a combination of the following factors: known 
differences in the production diagrams between W and Z , differ-
ences in kinematic acceptance for the particular W or Z decay, 
and differences in the MC sample size for each EW process.

5. Control samples and statistical treatment

The main backgrounds in the SR, comprising of 98% of the 
background, are the W and Z processes. The minor backgrounds, 
comprising the remaining 2%, are the diboson, tt̄ , and multijet 
processes. Accurate estimation of the W and Z processes is the 
biggest challenge of the analysis. The main background yields are 
extracted using dedicated control samples in data.
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MC in the trigger, the lepton identification efficiency, and the jet 
energy scale and resolution using dedicated data samples.

For the signal process, the VBF events were generated at next-
to-leading order (NLO) in QCD using powheg-box2 [50]; inclusive 
NLO electroweak corrections were applied using hawk [51]. The 
generated events were interfaced with pythia8 [52] for hadroniza-
tion and showering, using the aznlo tune [53] and the nnpdf3.0 
NNLO PDF set [54]. The gluon fusion events were generated using
powheg-nnlops [55] with the pdf4lhc15 PDF set [56] interfaced to 
a fast detector simulation [57–59]. The cross section for ggF (VBF) 
was computed at N3LO (NNLO) in QCD and NLO (NLO) in elec-
troweak. The showering simulation followed the same procedure 
as for the VBF sample. For both the VBF and gluon fusion events, 
the H → Z Z∗ → 4ν process is included in the sample as invisible 
decays of the Higgs boson. Additional scalars with masses up to 
3 TeV were simulated as described above for VBF signal process, 
assuming a full width of 4 MeV.

The W and Z events were generated using sherpa2.2.1 [60] with
comix [61] and openloops [62] matrix-element generators, and 
merged with sherpa parton shower [63] using the me+ps@nlo pre-
scription [64]. The nnpdf3.0 NNLO PDF set was used. In terms of 
the order of the various processes, the strong production was cal-
culated at NLO for up to two jets and leading order (LO) for the 
third and fourth jets. The electroweak production was calculated 
at LO for the second and third jets. The levels of the interference 
between electroweak and strong processes were computed with
madgraph5_amc@nlo [65]. The interference on the total expected 
background is only 0.1% and thus neglected.

Other potential background processes involve top quarks, di-
bosons, and multijets. Top quarks and dibosons were generated 
with powheg interfaced with pythia and evtgen [66], which sim-
ulate the heavy-flavor decays. The diboson backgrounds include 
electroweak-mediated processes. The multijet estimate does not 
directly use the MC.

To each hard-scatter MC event, pileup collisions (30 on average) 
were added to mimic the environment of the LHC. The pileup col-
lisions, simulated with pythia8 [52] using mstw2008 PDF [67] and 
the a2 set of tuned parameters [68], were subsequently reweighted 
to reproduce the pileup distribution in data.

The sizes of the MC samples vary depending on the process. 
The effective luminosity ranges for the MC samples varies depend-
ing on the process and on the selections, which are defined in 
Section 4. For the W process, the MC sample is approximately half 
of that of the data selected for the W control region and also half 
for the signal region. For the Z process, the MC sample for the Zℓℓ

subprocess is approximately twice that of data in the Z control re-
gion; the MC sample for Zνν subprocess is approximately the same 
as that of data in the signal region.

4. Event selection

All events must have a primary vertex. The selection listed be-
low divides the data sample into a signal-enriched search region 
(SR) and background-enriched control regions (CR). The control re-
gions and the statistical fit are discussed in detail in Section 5. The 
rest of this section focuses on the SR and the prefit event yields.4

For the SR, an event is required to have

• no isolated electron or muon,
• a leading jet with pT >80 GeV,
• a subleading jet with pT >50 GeV,

4 “Prefit” indicates that the event yields are not adjusted according to the statis-
tical treatment of the background predictions, which is described in the second half 
of Section 5. “Postfit” labels the quantities that come out of the fit procedure.

Table 1
Event yields in the signal region (SR) and control regions (CR) summed over lep-
ton charge and flavor. The yields are the prefit values for m jj > 1 TeV. The observed 
data (N), the background estimate (B), and the signal (S for mH = 125 GeV with 
Binv =1) are given. The B and S values for individual processes are rounded to a 
precision commensurate with the sampling uncertainty associated with the finite 
MC sample size. For all processes the fractions of electroweak production [ew] are 
given. “Other” is defined in the text.

Description SR W CR Z CR

Yield [ew] Yield [ew] Yield [ew]

N , observed 2252 1602 166
B , expected 2243 1648 183

Z →νν 1111 [18%] – –
Z → ee,µµ 12 [9%] 38 [9%] 181 [23%]
Z →ττ 10 [16%] 11 [16%] –
W → eν,µν 540 [16%] 1400 [30%] –
W →τν 533 [20%] 130 [34%] –
Other 36 67 2

S , signal 1070 – –
VBF 930 – –
Gluon fusion 140 – –

• no additional jets with pT > 25 GeV,
• Emiss

T >180 GeV,
• Hmiss

T > 150 GeV.

The two jets are required to have the following properties:

• not be aligned with E⃗miss
T , | $φ j-met |>1,

• not be back-to-back, | $φ j j |< 1.8,
• be well separated in η, | $η j j |> 4.8,
• be in opposite η hemispheres, η j1 ·η j2 <0,
• m jj >1 TeV.

The SR includes background events containing a W or Z plus two 
jets, where the W decays into eν , µν , and τν , and the Z decays 
into two neutrinos. Here the leptons from the W decays are not 
reconstructed since they would otherwise be rejected by the se-
lection.

Table 1 gives the prefit SR yields in the first column. The VBF 
production process gives the biggest contribution (87%) to the sig-
nal sample (fixed as Binv = 1). The contribution from gluon fusion 
accompanied by parton radiation is small (13%) and other produc-
tion modes contribute negligibly. The fraction of VBF signal events 
that pass the signal region event selections, defined as acceptance 
times reconstruction efficiency, is 0.7%. As is discussed in Sec-
tion 7, the signal significance is improved by considering three bins 
of m jj defined as follows: 1<m jj ≤1.5 TeV, 1.5<m jj ≤2 TeV, and 
m jj > 2 TeV. The prefit S/B ratio (for Binv =1) in these bins is ap-
proximately 0.3, 0.4, 0.8, respectively.

For the backgrounds, both the strong production and the EW 
production contribute in the SR. The strong production processes 
contributes more than 70% of the backgrounds in all of the m jj
bins. There is variation in the EW fractions for the background 
processes due to a combination of the following factors: known 
differences in the production diagrams between W and Z , differ-
ences in kinematic acceptance for the particular W or Z decay, 
and differences in the MC sample size for each EW process.

5. Control samples and statistical treatment

The main backgrounds in the SR, comprising of 98% of the 
background, are the W and Z processes. The minor backgrounds, 
comprising the remaining 2%, are the diboson, tt̄ , and multijet 
processes. Accurate estimation of the W and Z processes is the 
biggest challenge of the analysis. The main background yields are 
extracted using dedicated control samples in data.
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MC in the trigger, the lepton identification efficiency, and the jet 
energy scale and resolution using dedicated data samples.

For the signal process, the VBF events were generated at next-
to-leading order (NLO) in QCD using powheg-box2 [50]; inclusive 
NLO electroweak corrections were applied using hawk [51]. The 
generated events were interfaced with pythia8 [52] for hadroniza-
tion and showering, using the aznlo tune [53] and the nnpdf3.0 
NNLO PDF set [54]. The gluon fusion events were generated using
powheg-nnlops [55] with the pdf4lhc15 PDF set [56] interfaced to 
a fast detector simulation [57–59]. The cross section for ggF (VBF) 
was computed at N3LO (NNLO) in QCD and NLO (NLO) in elec-
troweak. The showering simulation followed the same procedure 
as for the VBF sample. For both the VBF and gluon fusion events, 
the H → Z Z∗ → 4ν process is included in the sample as invisible 
decays of the Higgs boson. Additional scalars with masses up to 
3 TeV were simulated as described above for VBF signal process, 
assuming a full width of 4 MeV.

The W and Z events were generated using sherpa2.2.1 [60] with
comix [61] and openloops [62] matrix-element generators, and 
merged with sherpa parton shower [63] using the me+ps@nlo pre-
scription [64]. The nnpdf3.0 NNLO PDF set was used. In terms of 
the order of the various processes, the strong production was cal-
culated at NLO for up to two jets and leading order (LO) for the 
third and fourth jets. The electroweak production was calculated 
at LO for the second and third jets. The levels of the interference 
between electroweak and strong processes were computed with
madgraph5_amc@nlo [65]. The interference on the total expected 
background is only 0.1% and thus neglected.

Other potential background processes involve top quarks, di-
bosons, and multijets. Top quarks and dibosons were generated 
with powheg interfaced with pythia and evtgen [66], which sim-
ulate the heavy-flavor decays. The diboson backgrounds include 
electroweak-mediated processes. The multijet estimate does not 
directly use the MC.

To each hard-scatter MC event, pileup collisions (30 on average) 
were added to mimic the environment of the LHC. The pileup col-
lisions, simulated with pythia8 [52] using mstw2008 PDF [67] and 
the a2 set of tuned parameters [68], were subsequently reweighted 
to reproduce the pileup distribution in data.

The sizes of the MC samples vary depending on the process. 
The effective luminosity ranges for the MC samples varies depend-
ing on the process and on the selections, which are defined in 
Section 4. For the W process, the MC sample is approximately half 
of that of the data selected for the W control region and also half 
for the signal region. For the Z process, the MC sample for the Zℓℓ

subprocess is approximately twice that of data in the Z control re-
gion; the MC sample for Zνν subprocess is approximately the same 
as that of data in the signal region.

4. Event selection

All events must have a primary vertex. The selection listed be-
low divides the data sample into a signal-enriched search region 
(SR) and background-enriched control regions (CR). The control re-
gions and the statistical fit are discussed in detail in Section 5. The 
rest of this section focuses on the SR and the prefit event yields.4

For the SR, an event is required to have

• no isolated electron or muon,
• a leading jet with pT >80 GeV,
• a subleading jet with pT >50 GeV,

4 “Prefit” indicates that the event yields are not adjusted according to the statis-
tical treatment of the background predictions, which is described in the second half 
of Section 5. “Postfit” labels the quantities that come out of the fit procedure.

Table 1
Event yields in the signal region (SR) and control regions (CR) summed over lep-
ton charge and flavor. The yields are the prefit values for m jj > 1 TeV. The observed 
data (N), the background estimate (B), and the signal (S for mH = 125 GeV with 
Binv =1) are given. The B and S values for individual processes are rounded to a 
precision commensurate with the sampling uncertainty associated with the finite 
MC sample size. For all processes the fractions of electroweak production [ew] are 
given. “Other” is defined in the text.

Description SR W CR Z CR

Yield [ew] Yield [ew] Yield [ew]

N , observed 2252 1602 166
B , expected 2243 1648 183

Z →νν 1111 [18%] – –
Z → ee,µµ 12 [9%] 38 [9%] 181 [23%]
Z →ττ 10 [16%] 11 [16%] –
W → eν,µν 540 [16%] 1400 [30%] –
W →τν 533 [20%] 130 [34%] –
Other 36 67 2

S , signal 1070 – –
VBF 930 – –
Gluon fusion 140 – –

• no additional jets with pT > 25 GeV,
• Emiss

T >180 GeV,
• Hmiss

T > 150 GeV.

The two jets are required to have the following properties:

• not be aligned with E⃗miss
T , | $φ j-met |>1,

• not be back-to-back, | $φ j j |< 1.8,
• be well separated in η, | $η j j |> 4.8,
• be in opposite η hemispheres, η j1 ·η j2 <0,
• m jj >1 TeV.

The SR includes background events containing a W or Z plus two 
jets, where the W decays into eν , µν , and τν , and the Z decays 
into two neutrinos. Here the leptons from the W decays are not 
reconstructed since they would otherwise be rejected by the se-
lection.

Table 1 gives the prefit SR yields in the first column. The VBF 
production process gives the biggest contribution (87%) to the sig-
nal sample (fixed as Binv = 1). The contribution from gluon fusion 
accompanied by parton radiation is small (13%) and other produc-
tion modes contribute negligibly. The fraction of VBF signal events 
that pass the signal region event selections, defined as acceptance 
times reconstruction efficiency, is 0.7%. As is discussed in Sec-
tion 7, the signal significance is improved by considering three bins 
of m jj defined as follows: 1<m jj ≤1.5 TeV, 1.5<m jj ≤2 TeV, and 
m jj > 2 TeV. The prefit S/B ratio (for Binv =1) in these bins is ap-
proximately 0.3, 0.4, 0.8, respectively.

For the backgrounds, both the strong production and the EW 
production contribute in the SR. The strong production processes 
contributes more than 70% of the backgrounds in all of the m jj
bins. There is variation in the EW fractions for the background 
processes due to a combination of the following factors: known 
differences in the production diagrams between W and Z , differ-
ences in kinematic acceptance for the particular W or Z decay, 
and differences in the MC sample size for each EW process.

5. Control samples and statistical treatment

The main backgrounds in the SR, comprising of 98% of the 
background, are the W and Z processes. The minor backgrounds, 
comprising the remaining 2%, are the diboson, tt̄ , and multijet 
processes. Accurate estimation of the W and Z processes is the 
biggest challenge of the analysis. The main background yields are 
extracted using dedicated control samples in data.
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Fig. 1. Data-to-MC yield comparisons in the 27 subsamples used in the statistical fit. The observed data N (dots) are superimposed on the prefit backgrounds B (stacked 
histogram with shaded systematic uncertainty bands). The hypothetical signal S (empty blue histogram) is shown on top of B for Binv =1. The bottom panels show the 
ratios of N (dots) and B + S (blue line) to B with the systematic uncertainty band shown on the line at 1. The 1, 2, and 3 bin labels corresponds to 1<m jj ≤1.5 TeV, 
1.5<m jj ≤2 TeV, and m jj >2 TeV, respectively. The “e fakes” refers to Smet <4

√
GeV selection and is determined by the fit, so postfit values are shown for the purposes of 

illustration. The diboson contribution is included in the electroweak (EW) W and Z bosons.

This section is organized as follows. First, the two main CR are 
described and the associated prefit yields are given. Second, the 
fit parameters are defined along with a discussion of the contami-
nation in the Weν subsample. Third, the fit procedure is described 
and the postfit yields are stated. Lastly, the minor backgrounds and 
the estimation of the multijet processes are described.

The W CR requires one identified lepton with a pT threshold 
of 30 GeV, but the selections are otherwise identical to those of 
the SR. The initial ℓν selection is divided by lepton flavor, charge, 
and, for the eν final state, a passing selection on Smet >4

√
GeV

to define four W CR subsamples 
(
Wµ+ν , Wµ−ν , W high

e+ν , W high
e−ν

)
. 

The complementary failed selection on Smet defines the two “fake-
enriched” subsamples 

(
W low

e+ν , W low
e−ν

)
. The Emiss

T is calculated by 
adding the calibrated leptons to the sum.

The Z CR is based on the same selection criteria as the SR, but 
the lepton veto is replaced by the requirement of two same-flavor 
opposite-sign leptons ℓ with |mℓℓ − mZ | < 25 GeV. The sample is 
divided by lepton flavor, but not by charge (Zee , Zµµ). The lead-
ing lepton-pT threshold is the same as above, and the subleading 
lepton-pT threshold is 7 GeV. The Emiss

T is calculated as is done 
above.

Table 1 gives the prefit CR yields for the inclusive selection of 
m jj > 1 TeV for the W (Z ) CR in the third (fourth) columns. These 
prefit yields are the inputs for the statistical fit described below. 
The samples are very pure, as the relative contribution of the W
(Z ) CR is 95% (99%) from W (Z ) decays. The definitions of the 
main normalizations parameters in the fit are
(

Bsr
W

)
estimate = Ncr

W · Bsr
W /Bcr

W = Bsr
W · Ncr

W /Bcr
W(

Bsr
Z

)
estimate = Ncr

Z · Bsr
Z /Bcr

Z︸ ︷︷ ︸
α transfer

= Bsr
Z · Ncr

Z /Bcr
Z︸ ︷︷ ︸

β normalization

,

where the event yields are for the observed data (N) and the MC 
estimate of the background (B). The transfer factor α is the SR-to-
CR ratio of the MC yields, and is a quantity useful for visualizing 
how the systematic uncertainties partially cancel out. The normal-
ization β is the data-to-MC ratio in the CR, which is extracted from 
the fit. The analysis is performed in three m jj bins i, so i also in-
dexes α and β .

For the W high
eν subsample in the W CR, a yield parameter νfake

is introduced to quantify the “e fakes,” the group of electron can-
didates that are not prompt electrons. This contamination occurs 
most often when a jet from a multijet event identified as an elec-
tron candidate. The underlying idea is that the W decays (multi-

jets) have high (low) Emiss
T resolution event-by-event. Since Smet

is a proxy for Emiss
T resolution, a passing (failing) selection on 

Smet >4
√

GeV provides a W high
eν (W low

eν ) subsample depleted (en-
riched) in e fakes. In the fake-enriched W low

eν subsample, about a 
third of the events are due to e fakes. (For the Weν process, the 
Emiss

T comes from the neutrino. For this reason, the kinematic bias 
in Emiss

T due to the Smet selection was found to be negligible at the 
1% level.) The resulting subsamples are tied together by a fixed ra-
tio ρfake, which is determined using a separate “pure-fake” region.

The pure-fake region (Feν ) is defined by a selection on the elec-
tron likelihood (Le). Since Le is optimized to separate electrons 
from backgrounds originating from dijet processes [41], requiring 
that the candidate’s Le value fail the tight definition [42], while 
satisfying a looser definition, selects the Feν data sample. As done 
above, the Smet selection creates two subsamples 

(
F high

eν , F low
eν

)
. 

The F low
eν -to-F high

eν ratio of the number of events in data is ρfake, 
with the small amount of prompt W contamination subtracted us-
ing MC.

Model testing uses a profile likelihood-ratio test statistic [69] in 
the CLs-modified frequentist formalism [70]. The statistical treat-
ment considers a total of 27 bins: three m jj bins for each of nine 
subsamples (one for the SR, four for the W CR, two for the fake-
enriched subsamples, two for the Z CR). A maximum-likelihood fit 
to the observed data in each m jj bin sets an upper limit,5 using 
a one-sided confidence level, on Binv for the 125 GeV Higgs boson 
and on the product σ vbf

scalar ·Binv for a scalar of different mass. The 
prefit comparisons of data and MC are shown for all subsamples 
in Fig. 1.

The fit procedure extracts the nine floating parameters intro-
duced above (βW , βZ , νfake for each m jj bin). After the fit, the 
postfit β parameters are consistent with the SM prefit prediction 
within their 1 σ uncertainties. The postfit comparisons of data and 
expected backgrounds are shown in Fig. 2 for the two key vari-
ables, m jj and Emiss

T , for the W and Z CR. The m jj (Emiss
T ) plot 

groups the backgrounds to show the dependence of the distribu-
tion shape on the production mechanism (final state).

5 The likelihood is a product of Poisson functions, one for each sample of N
events while expecting λ, a Gaussian function for each systematic uncertainty, and 
a Poisson function for the number of MC events. In the simple scenario with only 
W and Z backgrounds, the λ for the SR would be S +βW · BW

sr +βZ · BZ
sr , with each 

quantity multiplied by the response function for a systematic uncertainty. For the 
W CR it is βW · BW

cr and for the Z CR it is βZ · BZ
cr . See, e.g., Ref. [71].
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Table 2
Sources of uncertainty. The first set shows !, the relative improvement of the 95% CL upper limit on Binv when the source of uncertainty is “removed” by fixing it to its 
best-fit value. The “visual” column shows bars whose lengths from the center tick are proportional to !. The second set shows the effect on the yields and the α transfer 
factors for the 1 < m jj ≤ 1.5 TeV bin. The yields are for the signal process in the SR (S), Z MC in the SR (Bsr

Z ), and Z MC in the CR (Bcr
Z ). The αZ is given to demonstrate 

the reduction in the uncertainty in the ratio Bsr
Z /Bcr

Z . The individual yields for the W are not shown because the cancellation effects are similar to the Z counterparts. 
The value for “3rd jet veto” corresponds only to the uncertainty related to jet bin migration for signal processes; the corresponding effect for the background processes are 
evaluated in the various jet energy and theoretical variations. The abbreviations for the theoretical sources are described in the text. The ‘-’ indicates that the quantity is 
not applicable. The “combined” rows at the bottom are not simple sums of the rows above because of the ! metric; the symbols (†, ‡, ⋆) are parenthetically defined in the 
table. The penultimate (last) row shows the summary impact of removing the systematic uncertainties due to the experimental and theoretical sources (as well as statistical 
uncertainties of the MC samples).

Source Binv improve. [%] using all m jj bins Yields, α changes (%) in 1 < m jj ≤ 1.5 TeV

! visual S BZ
sr BZ

cr αZ αW

Experimental (†)
Jet energy scale 10 12 7 8 8 6
Jet energy resol. 2 2 0 1 1 4
Emiss

T soft term 1 2 2 2 2 2
Lepton id., veto 2 – – – 0 4
Pileup distrib. 1 3 1 2 3 1
Luminosity 0 2 2 2 – –

Theoretical (‡)
Resum. scale 1 – 2 3 0 2
Renorm., fact. 2 – 20 19 1 2
ckkw matching 4 – 2 3 1 5
PDF 0 1 1 2 1 1
3rd jet veto 2 7 – – – –

Statistical
MC sample (⋆) 12 4 5 9 10 9
Data sample 21 6 5 12 12 6

Combined
All † sources 17
All ‡ sources 10
Combine †, ‡ 28
Combine †, ‡, ⋆ 42

The effects of the theoretical variations are evaluated with a 
sample of generated MC events prior to reconstruction, which is 
larger than the reconstructed sample. Moreover, in order to reduce 
fluctuations due to limited MC statistics, the effect of the resum-
mation and ckkw variations as a function of m jj are determined 
by a linear fit, using m jj values below the selection for the SR and 
a sample with loosened selection on !η j j and !φ j j . We verified 
that an additional systematic uncertainty associated with the ex-
trapolation is dominated by the statistical fluctuations in the varied 
samples.

For both signal and background, the effects of the choice of a 
parton distribution function (PDF) set have a relatively small im-
pact. The variations are considered using an ensemble of PDFs 
within the nnpdf set [54] and the standard deviation of the distri-
bution is taken as the uncertainty.

For the signal process, the effect of the scale uncertainty on the 
third-jet veto for the gluon fusion plus two-jet contribution is eval-
uated using the jet-bin method [81]. The similar effect for the VBF 
contribution is evaluated by comparing the scale varied samples 
before and after the third-jet veto. The impact on the Higgs signal 
yield is dominated by the VBF contribution, which is around 7%.

Statistical uncertainties are due to the data and MC sample 
sizes.

Systematic uncertainties are assumed to be either fully corre-
lated or uncorrelated. The uncertainties from the following sources 
in each independent m jj bin are correlated between the SR and 
CR: QCD scales, PDF, and lepton measurements. The theoretical un-
certainties due to QCD scales are uncorrelated between the follow-
ing pairs: signal vs. background, electroweak vs. strong production, 
and W vs. Z production. Theoretical uncertainties are fully uncor-
related between bins of m jj , while the experimental uncertainties 
are fully correlated, both of which are expected to be conservative 
assumptions.

One major difference between Ref. [28] and this paper—with 
the former (latter) employing (not employing) the W -to-Z extrap-
olation strategy—is that we now have a larger Zℓℓ control sample. 
We found that the final limit result based on the statistical uncer-
tainty of the enlarged Zℓℓ control sample is similar to the result 
assuming the theoretical uncertainties on the W -to-Z ratio (in-
cluding the associated MC sample statistical uncertainties). This 
being the case, this paper adopts the method that is less depen-
dent on theoretical assumptions.

The sources of uncertainty are grouped into the three main 
categories given above (Table 2). The impact of each source is mea-
sured in two ways: (1) on the 95% CL upper limit on Binv and 
(2) on the event yields and α transfer factors. Impact (1) assesses 
the percentage improvement of the Binv limit if that source of un-
certainty is removed after fixing the associated parameter to its 
best-fit value. Impact (2) demonstrates that the systematic uncer-
tainties in the individual yields partially cancel out for many of 
the theoretical sources. However, for many of the experimental 
sources the cancellation is not achieved due to limited MC statis-
tics of the varied samples. For example, the effects of varying the 
renormalization and factorization scales change the MC yield in 
the Z SR 

(
BZ

sr in Table 2
)

and the Z CR 
(

BZ
cr

)
by about 20%, but 

the αZ transfer factor changes by only 1%. In Table 2, only the 
1<m jj ≤1.5 TeV yields are shown for the purpose of illustrating 
the partial cancellation in the ratio.

In general, the uncertainties are higher with m jj . The MC sam-
ple statistics is the largest source of systematic uncertainties, with 
the uncertainty increasing with m jj due to limited number of sim-
ulated events. The theory uncertainties are also higher with m jj
values for the same reason. The experimental jet energy uncer-
tainties are also affected by the limited sample size, with larger 
fluctuations because of fluctuations that do not cancel for each 
individual systematic variations. For the sources contributing the 
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Fig. 4. Contributions to the relative uncertainty in the transfer factors αZ (left) and 
αW (right) in the three m jj bins of the SR. The theoretical uncertainties from the 
sources noted in the legend are combined in quadrature.

Fig. 5. Distribution of event yields in the signal region for m jj (left) and Emiss
T (right). 

The Emiss
T distributions start at 180 GeV and shows the most sensitive m jj >2 TeV

subset of the SR as indicated by the arrow. The postfit normalizations for m jj (Emiss
T ) 

distributions use separate background, B , normalizations in the three (one) m jj bins 
of 1<m jj ≤1.5 TeV, 1.5<m jj ≤2 TeV, and m jj >2 TeV (m jj >2 TeV), and sum the 
contributions from W and Z bosons (electroweak and strong production modes). 
The hypothetical signal S (empty blue histogram) is shown on top of B for Binv =1. 
The bottom panels show the ratios of N (dots) and B + S (blue line) to B with the 
systematic uncertainty band shown on the line at 1. The bin width in the m jj plots 
(Emiss

T ) is 500 GeV (50 GeV except for the first bin with the non-zero entry, which is 
20 GeV). See the caption of Fig. 2 for other plotting details.

largest uncertainties, the αZ and the αW variations in the three 
m jj bins are shown graphically in Fig. 4.

The combination of uncertainties from various sources shows 
that the dominant category has a systematic origin (penultimate 
row of Table 2). The lack of MC statistical precision for background 
processes with m jj > 2 TeV has the largest impact on Binv. We note 
that the " values are percent improvements of the final limit on 
Binv, so they do not add in quadrature or in any such standard 
statistical combinations.

7. Results and interpretations

The 2252 observed events in the SR are divided among the 
three m jj bins defined previously: 952, 667, and 633 events. 
These values are consistent with the background-only postfit yields 
of the sum of the background processes of 2100 events, which 
are divided among the three m jj bins: 850± 113, 660± 90, and 
590± 81, respectively. The uncertainty represents the combined ef-
fect due to experimental and theoretical systematic uncertainties. 
These postfit values are also consistent with the prefit predictions. 
The expected signal yields (for Binv = 1 for VBF and gluon fusion) 
are 300, 310, and 460, respectively, and the last m jj bin has the 
highest sensitivity with S/B ≈ 0.8.

The postfit SR event distributions of m jj and Emiss
T are shown 

in Fig. 5, and we observe agreement, within uncertainties, between 
the data and the expected backgrounds.

Fig. 6. Upper limits on (a) the spin-independent wimp–nucleon cross section using 
Higgs portal interpretations of Binv at 90% CL vs. mwimp and (b) the VBF cross sec-
tion times the branching fraction to invisible decays at 95% CL vs. mscalar . The top 
plot shows results from Ref. [85–87].

The left plot in Fig. 5 also shows that the S/B ratio rises with 
increasing m jj values, which motivates our division of the SR into 
multiple bins. The total electroweak contribution in the SR is rela-
tively small at O(10%) (Table 1), but the much flatter distribution 
of m jj makes it an important contribution to the final result. As 
noted in Section 5, the background estimation is done indepen-
dently for each m jj bin to reduce the dependence on m jj modeling.

The fit, assuming the 125 GeV Higgs boson, gives the observed 
(expected) upper limit on Binv of 0.37

(
0.28 +0.11

−0.08

)
at 95% CL, and 

0.32
(
0.23 +0.11

−0.10

)
at 90% CL, where the uncertainties placed on the 

expected limit represent the 1σ variations. With this result, con-
nections to wimp dark matter can be made in the context of Higgs 
portal models [82]. The limit on Binv can be used to set limit 
on the Higgs-wimp coupling by the wimp-nucleon scattering cross 
section formulae (σwimp-nucleon). In this paper, scalar and Majorana 
fermion wimp models are considered [11,83,84].

The overlay of the interpretation of this result with the 
limits from some of the direct detection experiments [85–87]
shows the complementarity in coverage (Fig. 6(a)). For the scalar
wimp interpretation cross sections are excluded at values ranging 
from O

(
10−42) to O

(
10−45) cm2 and for the Majorana fermion

wimp interpretation the exclusion range is from O
(
10−45) to 

O
(
10−46) cm2, depending on the wimp mass. The uncertainty band 

in the plot uses an updated computation of the nucleon form fac-
tors [88].

The correlation between Binv and σwimp-nucleon is presented 
in the effective field theory framework assuming that the new-
physics scale is O(1) TeV [28], well above the scale probed at the 
Higgs boson mass. Adding a renormalizable mechanism for gener-
ating the fermion wimp masses could modify the above-mentioned 
correlation [89].

In place of the 125 GeV Higgs boson, the same selection is ap-
plied to additional scalars with masses (mscalar) of up to 3 TeV
assuming only VBF production. The fraction of VBF signal events 
that pass the signal region event selections corresponding to the 
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Run  280862 
Event 228417606 
Date Oct. 3, 2015  
Time 17:17:46 CET

Emiss
T

Candidate in signal region of H → χχ̅ with two VBF jets (mjj = 3.6 TeV)

= 564 GeV

Figure 4a:
Event display of a candidate in the signal region. The image on the top (bottom) shows calorimeter cell energy deposits 
for ET > 0.25 (1) GeV and charged tracks for pT > 1 (2) GeV. For each image, the left (right) shows a longitudinal 
(transverse x-y) view. In the transverse view, the concentric circles on the right correspond to the perspective view of the TRT 
subdetector system shown in the longitudinal view; the leading (subleading) jet j1 (j2) is coming out of (going into) the page. 
The two jets shown have the properties (pT,j1 = 450 GeV, (pT,j2 = 110 GeV, ηj1 = -1.8, ηj2 = 3.7) that result in the dijet properties 
(mjj = 3.6 TeV, Δηjj = 5.5, Δφjj = 0.1) and ⃗ETmiss quantities (ETmiss = 564 GeV, = 2.8). During the run in which this event was 
recorded, the peak averaged number of ppinteractions per event was around 17. 
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Run  280862 
Event 228417606 
Date Oct. 3, 2015  
Time 17:17:46 CET

Emiss
T

Candidate in signal region of H → χχ̅ with two VBF jets (mjj = 3.6 TeV)

= 564 GeV

j1

Figure 4b:
Event display of a candidate in the signal region. The image on the top (bottom) shows calorimeter cell energy deposits 
for ET > 0.25 (1) GeV and charged tracks for pT > 1 (2) GeV. For each image, the left (right) shows a longitudinal 
(transverse x-y) view. In the transverse view, the concentric circles on the right correspond to the perspective view of the TRT 
subdetector system shown in the longitudinal view; the leading (subleading) jet j1 (j2) is coming out of (going into) the page. 
The two jets shown have the properties (pT,j1 = 450 GeV, (pT,j2 = 110 GeV, ηj1 = -1.8, ηj2 = 3.7) that result in the dijet properties 
(mjj = 3.6 TeV, Δηjj = 5.5, Δφjj = 0.1) and ⃗ETmiss quantities (ETmiss = 564 GeV, = 2.8). During the run in which this event was 
recorded, the peak averaged number of ppinteractions per event was around 17. 
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Table 6: Analysis updates. Notable changes to the analysis with respect to Ref. [1] are listed.

Topic Ref. [1] This paper Comments

Objects
Jet tagger ��� [2] ��� Only in the tracking volume
E

miss
T soft term Calorimeter based Track based -

MC
W and Z ������ v1.4.5 ������ v2.2.1 NLO for up to two jets

Selection
E

miss
T > 150 GeV > 180 GeV Fake low E

miss
T introduced by using ���a

mj j One bin > 1 TeV Three bins in [1, 1.5, 2, -] -
Third-jet pT > 30 GeV > 25 GeV -

Estimation
Z Z`` and W`⌫ samples Z`` sample Using W`⌫ involves W-to-Z extrapolation
W Fit mT template Fake-enriched & -depleted -
Multijet Inverted ��( j, Emiss

T ) sample Rebalance-and-smear -

Results
Signal Higgs at 125 GeV Higgs at 125 GeV & up to 3 TeV -

a Going from 150 to 180 GeV reduces the signal yield to about two-thirds of the original amount.

12
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Analysis updates. Notable changes to the analysis with respect to Ref. [28] are listed. 
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Figure 1: Expected 95% CL excluded regions on the (m�,mZA ) mass plane for the axial-vector simplified model
with couplings g� = 1 and gq = 0.25, for a luminosity of 300 fb≠1 (left) and 3000 fb≠1 (right). Three contours are
shown in each plot, corresponding to the three di�erent systematic uncertainty scenarios: standard (black), reduced
by a factor 2 (red) and 4 (green). More details in the text.

mZA ⇠ 2.65 TeV. The excluded region that can be obtained by reducing by a factor two (four) all
systematic uncertainties reaches, for low m�, mediator masses of about 2.77 (2.88) TeV.

Small di�erences between systematic uncertainty scenarios are observed when approaching the region
where the decay of the mediator in two WIMPs is o� the mass shell (mZA < 2m�), due to the decrease of
the signal cross-section.

The contributions to sensitivity of experimental and theoretical uncertainties are investigated separately in
Fig. 2 for 300 fb≠1 and in Fig. 3 for 3000 fb≠1. The left (right) plots show the e�ect of reducing by a factor
two and four the e�ect of experimental (theoretical) systematic uncertainties on signal and backgrounds.
The comparison of limit contours in these di�erent systematic scenarios shows that the major impact
to the sensitivity of the monojet search comes from theoretical uncertainties. Among these, V+jets and
diboson uncertainties, as well as theoretical uncertainties on signal processes, are similar in size and give
the leading contributions.

6.2 Discovery power

The discovery potential that can be reached with the integrated luminosities of 300 fb≠1 and 3000 fb≠1

is estimated in terms of the p-value of the background-only hypothesis, p0, evaluated in the asymptotic
approximation [51]. For each mass point, p0 is evaluated after injecting the corresponding signal on top
of the SM background. Results are shown in Fig. 4 for the di�erent scenarios: contours corresponding
to the 3� evidence (5� discovery) are shown with solid (dashed) lines, for each of the tested systematic
uncertainty scenarios.

With an integrated luminosity of 300 fb≠1 (3000 fb≠1) the existence of a dark matter signal described by
the simplified model with an axial-vector mediator, m� = 1 GeV and the coupling choice g� = 1 and

8
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Mono-jet projections, ATL-PHYS-PUB-2018-043

https://cds.cern.ch/record/2650050/files/ATL-PHYS-PUB-2018-043.pdf
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Trigger projections, CERN-LHCC-2017-020
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Figure 2.11: The integrated acceptance as a function of the missing transverse energy threshold for
representative channels. A representative compressed SUSY model and ZH ! nnbb are shown.

ence on the mass of the invisible system. The typically achievable Emiss
T trigger threshold is

⇠ 200 GeV for the current Run 2 trigger system. Operating the Phase-I system in Phase-II
conditions with no-upgrade would result in a threshold of 300 GeV. Each 50 GeV reduc-
tion in threshold corresponds to a gain of approximately 50% � 100% in acceptance for the
models shown. As discussed in Section 6.8, a target threshold of ⇠ 200 GeV is achievable
in the baseline upgrade scenario.

2.7 Physics Signatures with Forward Electrons

The capability for triggering on forward electrons adds acceptance to the trigger system for
Phase-II. The acceptance for lepton triggers is generically enhanced, but the forward trig-
ger in particular extends the coverage for high-rapidity electroweak bosons. Central (C)
and forward (F) electrons are defined to be those with |h| < 2.5 and |h| > 2.5, respect-
ively. Candidate Z ! ee events can be classified as CC, CF, and FF. Figure 2.12 shows the
distribution of Z boson rapidities accessible by the central trigger (CC and CF) and those
only accessible with a forward trigger (FF). This extended reach in boson rapidity translates
into an increased reach for determining the proton Parton Distribution Function (PDF). In
particular, the large and small x regions are significantly impacted. The impact will be sim-
ilar to the impact of recent LHCb [2.9] measurements on PDFs [2.10], but with significantly
greater statistical power (and a systematic benefit of measuring the central and forward
regions in the same experiment).
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Figure 2.9: Expected 95% C.L. upper limit on the cross-section ratio
s(HH ! 4b)/s(HH ! 4b)SM as a function of the minimum pT requirement applied to
the fourth-leading jet, assuming that systematics are not a strong limitation on the result. As
discussed in Section 2.2, modifications of the Higgs self-coupling can modify the cross-section by
factors of order unity. Results with systematics show similar trigger impacts. For a more detailed
discussion, see Section 6.13.

the trigger selection of a high-pT ISR jet biases the distribution of the invariant mass of the
second and third leading jet for the QCD multijet background, which is problematic for the
background estimation used in these searches.

The single-jet pT threshold is driven by the Event Filter output limitation. The rate of high-
pT single-jet events that can be accepted by the Level-0 and used for combinations with
other signatures at the Event Filter is on the order of 25 kHz for HL-LHC; this corresponds
to a pT threshold of 180 GeV. Such a rate is much larger than the maximum recording rate
of 10 kHz. An alternative is to reduce the amount of recorded data for these events by re-
cording only the reconstructed objects in the Event Filter instead of the full detector data. In
order for this to work, the reconstruction in the Event Filter needs to be as close as possible
to a well understood offline reconstruction. This has been implemented in Run 2 and the
result is shown by the light blue line in Fig. 2.6 (named TLA in the legend). It provides a
substantial gain in sensitivity in the ⇠ 450� 1000 GeV Z0 mass range (purple line in the fig-
ure). This illustrates the value of a low single-jet threshold and reconstruction in the Event
Filter that closely follows the offline reconstruction (including having tracking available for
pile-up mitigation and calibrations). The mass range of this search is ultimately limited
by the Level-0 thresholds, and by the CPU requirements for obtaining tracks associated to
trigger jets that can guarantee a good pile-up suppression performance.

29
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