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Di-Boson Resonances: 
  Discovered a new particle with di-boson resonances: ZZ / γγ / WW 
  Recent development improve acceptance/sensitivities at high PT  
  With Higgs, more di-boson final states to search

Di-Lepton Resonances: 
  Z’→ll/W’→lν flagship searches 
  Lepton resonances also have a rich history of discoveries in the field: 
     charm / bottom / W / Z / …

Searches for new resonances are a critical part of the LHC physic program 

Generic signatures that arise in many models of new physics
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Figure 1: Distribution of the soft-drop PUPPI mass after the kinematic selections on the two
jets, for data, simulated background, and signal. The signal events with low mass correspond
to boson decays where one of the two quarks is emitted outside the jet cone or the two quarks
are overlapping. The distributions are normalized to the number of events observed in data.
The dashed vertical lines represent the boundaries between the jet mass categories.

are defined for the H jet, depending on the value of the b tagging discriminator: a tight category
containing events with a discriminator larger than 0.9, and a loose category requiring a value
between 0.3 and 0.9. Similarly, two categories of V jets are defined using the subjettiness ratio: a
high purity category containing events with t21  0.35, and a low purity category having 0.35 <
t21 < 0.75. Although it is expected that the tight and high purity categories dominate the
total sensitivity, the loose and low purity categories are retained since for large dijet invariant
mass they provide a nonnegligible signal efficiency with an acceptable level of background
contamination.

Two further categories are defined based on the V jet mass, by splitting the mass interval.
Events with V jet mass closer to the nominal W boson mass value, 65 < mj  85 GeV, are
assigned to a W mass category, and those with 85 < mj  105 GeV fall into a Z mass category.
Even if the W and Z mass peaks cannot be fully resolved, this classification allows a partial
discrimination between a potential W0 or Z0 signal. The signal efficiency for the combination
of the eight categories reaches 36% at mX = 1.2–1.6 TeV, and slowly decreases to 21% at mX =
4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.

6 Background estimation

The background is largely dominated by multijet production, which accounts for more than
95% of the total background. The top quark pair contribution is approximately 3–4%, de-
pending on the category. The remaining fraction is composed of vector boson production in
association with partons, and SM diboson processes.

The background is estimated directly from data, assuming that the mVH distribution can be
described by a smooth, parametrizable, monotonically decreasing function. This assumption
is verified in the V jet mass sidebands (40 < mj < 65 GeV) and in simulation. The expressions
considered are functions of the variable x = mVH/

p
s, where

p
s = 13 TeV is the center of mass

energy, and the number of parameters pi, including the normalization, is between two and
five:

p0

xp1
,

p0 (1 � x)p1

xp2
,

p0 (1 � x)p1

xp2+p3 log(x)
,

p0 (1 � x)p1

xp2+p3 log(x)+p4 log2(x)
.
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X → VV   (V = W or Z)
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At high-masses,  
  - Backgrounds fall steeply 
  - Hadronic decays become increasingly more sensitive

W Z
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neutrinos - ~15 %

Decay products become collimated at high W/Z boosts.   
   - Dedicated reconstruction techniques targeting boosted topology 
   - Widely used in searches / Whole industry devoted to this subject

Ws and Zs, in turn, decay into... 
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X → ZZ → 4l
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Figure 4: Distribution of the four-lepton invariant mass m4ℓ in the ℓ+ℓ−ℓ+ℓ− search for (a) the ggF-enriched category
and (b) the VBF-enriched category. The backgroundsare determined following the description in Section 5.2 and the
last bin includes the overflow. The simulated mH = 600 GeV signal is normalized to a cross section corresponding
to five times the observed limit given in Section 8.3.1. The error bars on the data points indicate the statistical
uncertainty, while the systematic uncertainty in the prediction is shown by the hatched band. The lower panels show
the ratio of data to prediction.

Table 5: ℓ+ℓ−νν̄ search: expected and observed number of events together with their statistical and systematic
uncertainties, for the ggF- and VBF-enriched categories.

Process
ggF-enriched categories

VBF-enriched category
e+e− channel µ+µ− channel

Z Z 177 ± 3 ± 21 180 ± 3 ± 21 2.1 ± 0.2 ± 0.7
W Z 93 ± 2 ± 4 99.5 ± 2.3 ± 3.2 1.29 ± 0.04 ± 0.27
WW /tt̄/Wt/Z → ττ 9.2 ± 2.2 ± 1.4 10.7 ± 2.5 ± 0.9 0.39 ± 0.24 ± 0.26
Z + jets 17 ± 1 ± 11 19 ± 1 ± 17 0.8 ± 0.1 ± 0.5
Other backgrounds 1.12 ± 0.04 ± 0.08 1.03 ± 0.04 ± 0.08 0.03 ± 0.01 ± 0.01

Total background 297 ± 4 ± 24 311 ± 5 ± 27 4.6 ± 0.4 ± 0.9

Observed 320 352 9
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Figure 4: Distribution of the four-lepton invariant mass m4ℓ in the ℓ+ℓ−ℓ+ℓ− search for (a) the ggF-enriched category
and (b) the VBF-enriched category. The backgroundsare determined following the description in Section 5.2 and the
last bin includes the overflow. The simulated mH = 600 GeV signal is normalized to a cross section corresponding
to five times the observed limit given in Section 8.3.1. The error bars on the data points indicate the statistical
uncertainty, while the systematic uncertainty in the prediction is shown by the hatched band. The lower panels show
the ratio of data to prediction.

Table 5: ℓ+ℓ−νν̄ search: expected and observed number of events together with their statistical and systematic
uncertainties, for the ggF- and VBF-enriched categories.

Process
ggF-enriched categories

VBF-enriched category
e+e− channel µ+µ− channel

Z Z 177 ± 3 ± 21 180 ± 3 ± 21 2.1 ± 0.2 ± 0.7
W Z 93 ± 2 ± 4 99.5 ± 2.3 ± 3.2 1.29 ± 0.04 ± 0.27
WW /tt̄/Wt/Z → ττ 9.2 ± 2.2 ± 1.4 10.7 ± 2.5 ± 0.9 0.39 ± 0.24 ± 0.26
Z + jets 17 ± 1 ± 11 19 ± 1 ± 17 0.8 ± 0.1 ± 0.5
Other backgrounds 1.12 ± 0.04 ± 0.08 1.03 ± 0.04 ± 0.08 0.03 ± 0.01 ± 0.01

Total background 297 ± 4 ± 24 311 ± 5 ± 27 4.6 ± 0.4 ± 0.9

Observed 320 352 9
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Text

- eµ requirement kills dominant Drell-Yan background 
- Left with WW and ttbar production (constrained w/data using control regions)

12

X → WW → eνµν
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Fig. 4 Post-fit distributions of the transverse mass mT in the SRggF
(top left), SRVBF1J (top right) and SRVBF2J (bottom) categories. In each
plot, the last bin contains the overflow. The hatched band in the upper
and lower panels shows the total uncertainty of the fit. The top-quark
and WW background event yields are scaled using the indicated nor-

malisation factors obtained from the simultaneous fit to all signal and
control regions. The heavy Higgs boson signal event yield is normalised
to the expected limits on σH × B(H → WW ) and is shown for masses
of 700 GeV and 2 TeV in the NWA scenario

Herwig++ [106,107]. The tune uncertainties are found to
be smaller than the shower uncertainties for all mass points.
Thus only the latter uncertainties are considered in the final
results. The corresponding uncertainties for ggF-induced sig-
nals increase from 1.3 to 3.1%, from 13 to 28%, and from 2.3
to 15% for increasing resonance masses in the quasi-inclusive
ggF, Njet = 1 and Njet ≥ 2 VBF categories, respectively. The
uncertainties for VBF-induced signals increase from 4.3 to
19%, from 5.1 to 9.0%, and from 3.3 to 8.0% in the three
categories.

In addition, uncertainties due to missing higher-order cor-
rections in QCD are evaluated for ggF-induced processes for

each event category, considering also event migration effects
between different event categories. This follows the method
proposed by Stewart and Tackmann [108]. The correspond-
ing uncertainties range from 3 to 10% for the quasi-inclusive
ggF category and from 4 to 30% (30–60) for the Njet = 1
(Njet ≥ 2) VBF event categories.

9 Results

The statistical method used to interpret the results of the
search is described in Ref. [109]. A likelihood function L

123
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and lower panels shows the total uncertainty of the fit. The top-quark
and WW background event yields are scaled using the indicated nor-

malisation factors obtained from the simultaneous fit to all signal and
control regions. The heavy Higgs boson signal event yield is normalised
to the expected limits on σH × B(H → WW ) and is shown for masses
of 700 GeV and 2 TeV in the NWA scenario

Herwig++ [106,107]. The tune uncertainties are found to
be smaller than the shower uncertainties for all mass points.
Thus only the latter uncertainties are considered in the final
results. The corresponding uncertainties for ggF-induced sig-
nals increase from 1.3 to 3.1%, from 13 to 28%, and from 2.3
to 15% for increasing resonance masses in the quasi-inclusive
ggF, Njet = 1 and Njet ≥ 2 VBF categories, respectively. The
uncertainties for VBF-induced signals increase from 4.3 to
19%, from 5.1 to 9.0%, and from 3.3 to 8.0% in the three
categories.

In addition, uncertainties due to missing higher-order cor-
rections in QCD are evaluated for ggF-induced processes for

each event category, considering also event migration effects
between different event categories. This follows the method
proposed by Stewart and Tackmann [108]. The correspond-
ing uncertainties range from 3 to 10% for the quasi-inclusive
ggF category and from 4 to 30% (30–60) for the Njet = 1
(Njet ≥ 2) VBF event categories.

9 Results

The statistical method used to interpret the results of the
search is described in Ref. [109]. A likelihood function L
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X → ZV → llqq
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6.2 Low-mass analysis 11
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Figure 3: Expected and observed distributions of the resonance candidate mass mVZ in the
high-mass analysis, in the electron (top) and muon (bottom) channels, and separately for the
high (left) and low purity (right) categories. The shaded area represents the post-fit uncertainty
in the background. The bottom panels show the pull distribution between data and post-fit SM
background fit, where sdata is the Poisson uncertainty in the data. The expected contribution
from W’ signal candidates with mass mX = 2000 GeV, normalized to a cross section of 100 fb,
is also shown (red line).

14 7 Systematic uncertainties

400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

50
 G

eV

1−10

1

10

210

310

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Merged Untagged

 llqq→ ZV →X 

 (GeV)VZm
400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 9.18/182χ
400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

50
 G

eV

1−10

1

10

210

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Merged Tagged

 llqq→ ZV →X 

 (GeV)VZm
400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 32.10/182χ

200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

40
 G

eV

1

10

210

310

410

510 Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Resolved Untagged

 llqq→ ZV →X 

 (GeV)VZm
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 6.19/252χ
200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

40
 G

eV

1−10

1

10

210

310

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Resolved Tagged

 llqq→ ZV →X 

 (GeV)VZm
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 17.3/222χ

Figure 5: The signal region mVZ distributions for the low-mass search, in the the merged V
(top), resolved V (bottom), untagged (left) and tagged (right) categories, after fitting the sig-
nal and sideband regions. Electron and muon events are shown combined. A 600 GeV bulk
graviton signal prediction is represented by the black dashed histogram. The gray band indi-
cates the statistical and post-fit systematic uncertainties in the normalization and shape of the
background.

mass analyses: in the low-mass analysis, where a dedicated eµ control region is exploited to
measure the t+X background normalization, a 4% uncertainty is estimated, by comparing the
yield of eµ events with ee+ µµ data; in the high-mass analysis, where the top quark production
is taken from simulation, a 5% uncertainty in the cross section is used, which is extracted from
the recent CMS measurement of top quark pair production in dilepton events [37].

Uncertainties associated with the description in simulation of the trigger efficiencies, as well
as the uncertainties in the efficiency for electron and muon reconstruction, identification, and
isolation, are extracted from dedicated studies of events with leptonic Z decays, and amount to
1.5–3%, depending on the lepton flavor. The uncertainties in the lepton momentum and energy
scales are taken into account, and propagated to the signal shapes and normalization, with a
typical impact on the normalization of about 0.5–2% depending on the lepton flavor.

Uncertainties in the jet energy scale and resolution [38] affect both the normalization and the
shape of the background and signal samples. The momenta of the reconstructed jets are varied
according to the uncertainties in the jet energy scale, and the selection efficiencies and mVZ
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Figure 3: Expected and observed distributions of the resonance candidate mass mVZ in the
high-mass analysis, in the electron (top) and muon (bottom) channels, and separately for the
high (left) and low purity (right) categories. The shaded area represents the post-fit uncertainty
in the background. The bottom panels show the pull distribution between data and post-fit SM
background fit, where sdata is the Poisson uncertainty in the data. The expected contribution
from W’ signal candidates with mass mX = 2000 GeV, normalized to a cross section of 100 fb,
is also shown (red line).
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Figure 5: The signal region mVZ distributions for the low-mass search, in the the merged V
(top), resolved V (bottom), untagged (left) and tagged (right) categories, after fitting the sig-
nal and sideband regions. Electron and muon events are shown combined. A 600 GeV bulk
graviton signal prediction is represented by the black dashed histogram. The gray band indi-
cates the statistical and post-fit systematic uncertainties in the normalization and shape of the
background.

mass analyses: in the low-mass analysis, where a dedicated eµ control region is exploited to
measure the t+X background normalization, a 4% uncertainty is estimated, by comparing the
yield of eµ events with ee+ µµ data; in the high-mass analysis, where the top quark production
is taken from simulation, a 5% uncertainty in the cross section is used, which is extracted from
the recent CMS measurement of top quark pair production in dilepton events [37].

Uncertainties associated with the description in simulation of the trigger efficiencies, as well
as the uncertainties in the efficiency for electron and muon reconstruction, identification, and
isolation, are extracted from dedicated studies of events with leptonic Z decays, and amount to
1.5–3%, depending on the lepton flavor. The uncertainties in the lepton momentum and energy
scales are taken into account, and propagated to the signal shapes and normalization, with a
typical impact on the normalization of about 0.5–2% depending on the lepton flavor.

Uncertainties in the jet energy scale and resolution [38] affect both the normalization and the
shape of the background and signal samples. The momenta of the reconstructed jets are varied
according to the uncertainties in the jet energy scale, and the selection efficiencies and mVZ
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Figure 5: The signal region mVZ distributions for the low-mass search, in the the merged V
(top), resolved V (bottom), untagged (left) and tagged (right) categories, after fitting the sig-
nal and sideband regions. Electron and muon events are shown combined. A 600 GeV bulk
graviton signal prediction is represented by the black dashed histogram. The gray band indi-
cates the statistical and post-fit systematic uncertainties in the normalization and shape of the
background.

mass analyses: in the low-mass analysis, where a dedicated eµ control region is exploited to
measure the t+X background normalization, a 4% uncertainty is estimated, by comparing the
yield of eµ events with ee+ µµ data; in the high-mass analysis, where the top quark production
is taken from simulation, a 5% uncertainty in the cross section is used, which is extracted from
the recent CMS measurement of top quark pair production in dilepton events [37].

Uncertainties associated with the description in simulation of the trigger efficiencies, as well
as the uncertainties in the efficiency for electron and muon reconstruction, identification, and
isolation, are extracted from dedicated studies of events with leptonic Z decays, and amount to
1.5–3%, depending on the lepton flavor. The uncertainties in the lepton momentum and energy
scales are taken into account, and propagated to the signal shapes and normalization, with a
typical impact on the normalization of about 0.5–2% depending on the lepton flavor.

Uncertainties in the jet energy scale and resolution [38] affect both the normalization and the
shape of the background and signal samples. The momenta of the reconstructed jets are varied
according to the uncertainties in the jet energy scale, and the selection efficiencies and mVZ

/ b-tag channel
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Figure 3: Comparison between the fit result and data distributions of mjet (upper) and mWV
(lower) in the muon HP (left) and electron HP (right) category. The background shape uncer-
tainty is shown as a shaded band, and the statistical uncertainties of the data are shown as
vertical bars. No events are observed with mWV > 4.5 TeV. Example signal distributions are
overlaid, using an arbitrary normalization that is different in the upper and lower plots.
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Figure 3: Comparison between the fit result and data distributions of mjet (upper) and mWV
(lower) in the muon HP (left) and electron HP (right) category. The background shape uncer-
tainty is shown as a shaded band, and the statistical uncertainties of the data are shown as
vertical bars. No events are observed with mWV > 4.5 TeV. Example signal distributions are
overlaid, using an arbitrary normalization that is different in the upper and lower plots.
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Hadronic trigger + 2 large-R jets w/mass ~mV 
Dominated by QCD multi-jet background. 
Background shape from MVV fit to data (using empirical parametric function)  
Sensitive to signals with localized excess 
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Figure 4: Dijet mass distributions for data in the (a) WW, (b) WZ, and (c) ZZ signal regions, as well as in the
combined (d) WW + WZ and (e) WW + ZZ signal regions. The solid lines correspond to the result of the fit and
the shaded bands represent the uncertainty in the background expectation. The lower panels show the significance
of the observed event yield relative to the background fits. Expected signals are shown for the HVT model B with
gV = 3 and the bulk RS model with k/MPl = 1. The predictions for GKK production are multiplied by a factor of
10. The lower panels show the significance of the observed event yield relative to the background fits taking their
uncertainties into account as described in Ref. [61].
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  - Signature predicted in several models  
       Extra-dimensions / 2HDM / … 
   
  - Didn’t know how to look for it at previous colliders 
       Interesting at relatively low-masses/large couplings 

  - Potential large non-resonant enhancements in HH final state 

  - Long-term program to measure Higgs self-coupling 

X → HH

18
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(a) SM non-resonant
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Figure 1: Higgs boson candidate mass plane regions. The signal region is inside the red dashed curve, the control
region is outside the signal region and within the orange circle, the sideband is outside the control region and within
the yellow circle. (a) shows the SM hh process, and (b) shows the estimated multijet background, which is described
in Sec. 5.2.

where the 0.1m2j terms represent the widths of the leading and sub-leading Higgs boson candidate mass231

distributions, derived from simulation. The signal region is shown as the inner region of Figure 1.232

To reduce the tt̄ background, hadronic top candidates are built from any three jets in the event, of which233

one must be a constituent of a Higgs boson candidate. These three jets are ordered by their b-tagging score.234

The highest one is considered as the b-jet originating from the top decay; the other two jets are considered235

as forming a hadronic W candidate. The consistency of this combination with the top hypothesis is then236

evaluated using the XWt variable:237

XWt =

s✓
mW � 80 GeV

0.1mW

◆2
+

✓
mt � 173 GeV

0.1mt

◆2
. (3)

All possible combinations of three jets are considered and the top candidate with the smallest XWt is chosen238

for each event. Events with the smallest XWt < 1.5 are vetoed in the final selection. This requirement239

reduces the tt̄ contamination where both tops decay without leptons (hadronic) by 60%, and the tt̄ events240

that contain leptons (semi-leptonic) by 45%.241

The final analysis discriminant, m4j, is the invariant mass of the selected four-jet system. A correction242

is made based on the known Higgs boson mass, where each Higgs boson candidate four-momentum243

is multiplied by a correction factor mh/m2j. This leads to an improvement of ⇠ 30% in signal m4j244

resolution with a significant reduction of low-mass tails caused by energy loss and with little impact on245

the background.246

The fraction of signal events accepted by the detector combined with the e�ciency of each selection step247

is shown in Figure 2 for the narrow-width scalar, the graviton and SM non-resonant signal models.248
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Control regions using mH sidebands

Select events with 4-b-tagged jets: 
   Low-mass search:   jets (r = 0.4) / b-jet trigger 
   High-mass search:  jets (r = 1.0) / b-tagging on sub-jet (track-jet) 
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(a) SM non-resonant
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Figure 1: Higgs boson candidate mass plane regions. The signal region is inside the red dashed curve, the control
region is outside the signal region and within the orange circle, the sideband is outside the control region and within
the yellow circle. (a) shows the SM hh process, and (b) shows the estimated multijet background, which is described
in Sec. 5.2.

where the 0.1m2j terms represent the widths of the leading and sub-leading Higgs boson candidate mass231

distributions, derived from simulation. The signal region is shown as the inner region of Figure 1.232

To reduce the tt̄ background, hadronic top candidates are built from any three jets in the event, of which233

one must be a constituent of a Higgs boson candidate. These three jets are ordered by their b-tagging score.234

The highest one is considered as the b-jet originating from the top decay; the other two jets are considered235

as forming a hadronic W candidate. The consistency of this combination with the top hypothesis is then236

evaluated using the XWt variable:237

XWt =

s✓
mW � 80 GeV

0.1mW

◆2
+

✓
mt � 173 GeV

0.1mt

◆2
. (3)

All possible combinations of three jets are considered and the top candidate with the smallest XWt is chosen238

for each event. Events with the smallest XWt < 1.5 are vetoed in the final selection. This requirement239

reduces the tt̄ contamination where both tops decay without leptons (hadronic) by 60%, and the tt̄ events240

that contain leptons (semi-leptonic) by 45%.241

The final analysis discriminant, m4j, is the invariant mass of the selected four-jet system. A correction242

is made based on the known Higgs boson mass, where each Higgs boson candidate four-momentum243

is multiplied by a correction factor mh/m2j. This leads to an improvement of ⇠ 30% in signal m4j244

resolution with a significant reduction of low-mass tails caused by energy loss and with little impact on245

the background.246

The fraction of signal events accepted by the detector combined with the e�ciency of each selection step247

is shown in Figure 2 for the narrow-width scalar, the graviton and SM non-resonant signal models.248
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Two large-R jets:  mV one side / mH with btags other 
Background dominated by multi-jets: 
     CMS:     parametric fit (a la X→VV) 
     ATLAS: extrapolate from 0-tags (a la X→HH)
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Figure 4: Dijet invariant distribution mVH of the two leading jets in the Z mass region: high
purity (upper) and low purity (lower) categories, with tight (left) and loose (right) b tagging
selections. The preferred background-only fit is shown as a solid blue line with an associated
shaded band indicating the uncertainty. An alternative fit is shown as a purple dashed line. The
ratio panels show the pulls in each bin, (Ndata � Nbkg)/s, where s is the Poisson uncertainty
in data. The horizontal bars on the data points indicate the bin width and the vertical bars
represent the normalized Poisson errors, and are shown also for bins with zero entries up to the
highest mVH event. The expected contribution of a resonance with mX = 2000 GeV, simulated
in the context of the HVT model B, is shown as a dot-dashed red line.
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Fig. 3. The m J J distributions in the V H signal regions for data (points) and background estimate (histograms) after the likelihood fit for events in the (left) 2-tag and (right) 
1-tag categories. The pre-fit background expectation is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a HVT benchmark Model B V ′

boson with 2 TeV mass are also shown. In the data/prediction ratio plots, arrows indicate off-scale points.

Table 4
The number of predicted background events in the V H
1-tag and 2-tag signal regions after the fit, compared to the 
data. The “Other backgrounds” entries include both tt̄ and 
V +jets. Uncertainties correspond to the total uncertainties 
in the predicted event yields, and are smaller for the total 
than for the individual contributions because the latter are 
anti-correlated. The yields for m = 2 TeV V ′ bosons decay-
ing to V H in Model B are also given. Due to rounding the 
totals can differ from the sums of components.

Z H 2-tag Z H 1-tag

Multijet 1440 ±60 13770 ±310
Other backgrounds 135 ±45 1350 ±270

Total backgrounds 1575 ±40 15120 ±130
Data 1574 15112

Model B, m = 2 TeV 25 ±7 29±10

W H 2-tag W H 1-tag

Multijet 1525 ±65 13900 ±290
Other backgrounds 110 ±45 1310 ±260

Total backgrounds 1635 ±40 15220 ±120
Data 1646 15212

Model B, m = 2 TeV 51 ±10 62 ±16

served in the data, and the predicted yield for a potential signal 
are reported in Table 4. The total data and background yields in 
each region are constrained to agree by the fit. There is a ∼ 60%
overlap of data between the W H and Z H selections for both the 
2-tag and 1-tag signal regions, and this fraction is approximately 
constant as a function of m J J . This overlap is similar when exam-
ining the signal MC simulation, for instance for the 2 TeV Z ′ signal 

MC approximately ∼ 60% of events pass both the W H and Z H se-
lections.

8.1. Statistical analysis

To determine if there are any statistically significant local ex-
cesses in the data, a test of the background-only hypothesis 
(µ = 0) is performed at each signal mass point. The significance 
of an excess is quantified using the local p0 value, the probabil-
ity that the background could produce a fluctuation greater than 
or equal to the excess observed in data. A global p0 is also calcu-
lated for the most significant discrepancy, using background-only 
pseudo-experiments to derive a correction for the look-elsewhere 
effect across the mass range tested [59]. The most significant de-
viation from the background-only hypothesis is in the Z H signal 
region, occurring at m J J ≈ 3.0 TeV with a local significance of 
3.3 σ . The global significance of this excess is 2.1 σ , which is 
computed considering the full range of Z ′ masses examined for 
potential signals from 1.1 TeV to 3.8 TeV.

The data are used to set upper limits on the cross-sections for 
the different benchmark signal processes. Exclusion limits are com-
puted using the CLs method [60], with a value of µ regarded as 
excluded at the 95% CL when CLs is less than 5%.

Fig. 4 shows the 95% CL cross-section upper limits on HVT 
resonances for both Model A and Model B in the W H and Z H
signal regions for masses between 1.1 and 3.8 TeV. Limits on 
σ (pp → V ′ → V H) × B(H → (bb̄ + cc̄))3 are set in the range of 

3 The signal samples contain Higgs boson decays to bb̄ and cc̄, but due to the 
branching ratios and b-tagging requirements the sensitivity is dominated by H →
bb̄.
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Figure 4: Dijet invariant distribution mVH of the two leading jets in the Z mass region: high
purity (upper) and low purity (lower) categories, with tight (left) and loose (right) b tagging
selections. The preferred background-only fit is shown as a solid blue line with an associated
shaded band indicating the uncertainty. An alternative fit is shown as a purple dashed line. The
ratio panels show the pulls in each bin, (Ndata � Nbkg)/s, where s is the Poisson uncertainty
in data. The horizontal bars on the data points indicate the bin width and the vertical bars
represent the normalized Poisson errors, and are shown also for bins with zero entries up to the
highest mVH event. The expected contribution of a resonance with mX = 2000 GeV, simulated
in the context of the HVT model B, is shown as a dot-dashed red line.
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Fig. 3. The m J J distributions in the V H signal regions for data (points) and background estimate (histograms) after the likelihood fit for events in the (left) 2-tag and (right) 
1-tag categories. The pre-fit background expectation is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a HVT benchmark Model B V ′

boson with 2 TeV mass are also shown. In the data/prediction ratio plots, arrows indicate off-scale points.

Table 4
The number of predicted background events in the V H
1-tag and 2-tag signal regions after the fit, compared to the 
data. The “Other backgrounds” entries include both tt̄ and 
V +jets. Uncertainties correspond to the total uncertainties 
in the predicted event yields, and are smaller for the total 
than for the individual contributions because the latter are 
anti-correlated. The yields for m = 2 TeV V ′ bosons decay-
ing to V H in Model B are also given. Due to rounding the 
totals can differ from the sums of components.

Z H 2-tag Z H 1-tag

Multijet 1440 ±60 13770 ±310
Other backgrounds 135 ±45 1350 ±270

Total backgrounds 1575 ±40 15120 ±130
Data 1574 15112

Model B, m = 2 TeV 25 ±7 29±10

W H 2-tag W H 1-tag

Multijet 1525 ±65 13900 ±290
Other backgrounds 110 ±45 1310 ±260

Total backgrounds 1635 ±40 15220 ±120
Data 1646 15212

Model B, m = 2 TeV 51 ±10 62 ±16

served in the data, and the predicted yield for a potential signal 
are reported in Table 4. The total data and background yields in 
each region are constrained to agree by the fit. There is a ∼ 60%
overlap of data between the W H and Z H selections for both the 
2-tag and 1-tag signal regions, and this fraction is approximately 
constant as a function of m J J . This overlap is similar when exam-
ining the signal MC simulation, for instance for the 2 TeV Z ′ signal 

MC approximately ∼ 60% of events pass both the W H and Z H se-
lections.

8.1. Statistical analysis

To determine if there are any statistically significant local ex-
cesses in the data, a test of the background-only hypothesis 
(µ = 0) is performed at each signal mass point. The significance 
of an excess is quantified using the local p0 value, the probabil-
ity that the background could produce a fluctuation greater than 
or equal to the excess observed in data. A global p0 is also calcu-
lated for the most significant discrepancy, using background-only 
pseudo-experiments to derive a correction for the look-elsewhere 
effect across the mass range tested [59]. The most significant de-
viation from the background-only hypothesis is in the Z H signal 
region, occurring at m J J ≈ 3.0 TeV with a local significance of 
3.3 σ . The global significance of this excess is 2.1 σ , which is 
computed considering the full range of Z ′ masses examined for 
potential signals from 1.1 TeV to 3.8 TeV.

The data are used to set upper limits on the cross-sections for 
the different benchmark signal processes. Exclusion limits are com-
puted using the CLs method [60], with a value of µ regarded as 
excluded at the 95% CL when CLs is less than 5%.

Fig. 4 shows the 95% CL cross-section upper limits on HVT 
resonances for both Model A and Model B in the W H and Z H
signal regions for masses between 1.1 and 3.8 TeV. Limits on 
σ (pp → V ′ → V H) × B(H → (bb̄ + cc̄))3 are set in the range of 

3 The signal samples contain Higgs boson decays to bb̄ and cc̄, but due to the 
branching ratios and b-tagging requirements the sensitivity is dominated by H →
bb̄.
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Figure 6: The (a) expected and (b) observed 95% CL limits on the production cross-section �(pp ! Y ! XH !
qq̄0bb̄) (z-axis) in the two-dimensional space of m(Y) versus m(X).
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Figure 7: Di↵erences between the observed and the expected 95% CL limits on the resonance production cross-
section �(pp! Y ! XH ! qq̄0bb̄), expressed in terms of multiples of �, the equivalent Gaussian significance.

10 Conclusion

A search for new heavy resonances Y decaying into a Higgs boson and a new particle X was carried out
using 36.1 fb�1 of pp collision data collected at

p
s = 13 TeV by ATLAS during the 2015 and 2016

runs of the CERN Large Hadron Collider. The Y ! XH ! qq̄0bb̄ channel was studied in the topological
regime where both bosons are highly Lorentz-boosted, and each is reconstructed as a single jet with a
large radius parameter. Jet substructure and b-tagging techniques are exploited to tag the X and Higgs
bosons and to reduce the dominant multijet background. Values of Y (X) mass in the range of 1 TeV to
4 TeV (50 GeV to 1000 GeV) were considered.

A search for evidence of an excess in the XH mass spectrum was made in a large number of overlapping
sliding windows in the mass of the X particle. The data are found to be in agreement with the Standard
Model background expectations and only small discrepancies are observed, with local (global) signific-
ance of no more than 2.5� (1.2�). Within the framework of a modified Heavy Vector Triplet model,
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8 7 Results

Figure 2: Upper: The invariant mass distribution for selected eµ pairs in data (black points with
error bars), and stacked histograms representing expectations from SM processes before the fit.
Also shown are the expectations for two possible signals. The two lower panels show the ratio
of data to background expectations before and after the fit. The total systematic uncertainties
are given by the gray bands. Lower: The cumulative (integral) distribution in events integrated
beyond the chosen meµ. The lower panel shows the ratio of data to background predictions
before the fit. Some events in the invariant mass distribution can have a negative event weight
and result in a rise of the cumulative mass distribution. In both figures the label l refers to
l132 = l231, while l0 stands for l0

311.

2 3 Event selection

Figure 1: Leading order Feynman diagrams considered in our search. Left: Resonant produc-
tion of a t sneutrino in an RPV SUSY model that includes the subsequent decay into an electron
and a muon. The ent is produced from the annihilation of two down quarks via the l0

311 cou-
pling, and then decays via the l132 = l231 couplings into the electron muon final state. Middle:
Production of quantum black holes in a model with extra dimensions that involves subsequent
decay into an electron and a muon. Right: Resonant production of a Z0 boson with subsequent
decay into an electron and a muon.

and by the ATLAS and CMS experiments at the LHC in pp collisions at center-of-mass energies
of 8 TeV [14, 15] and 13 TeV [16]. The search by CMS at 8 TeV has an integrated luminosity of
19.7 fb�1, and excludes ent masses up to 1.28 TeV for l132 = l231 = l0

311 = 0.01. The search
performed by ATLAS at 13 TeV with 3.2 fb�1 of luminosity excludes Z0 bosons with mass up to
mZ0 = 3.01 TeV. The present search significantly extends these limits.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two end sections, reside within the solenoid volume. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and end calorime-
ters. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a defini-
tion of the coordinate system and kinematic variables, can be found in Ref. [17].

3 Event selection

The search is designed to be inclusive and model independent, requiring at least one prompt,
isolated electron and at least one prompt, isolated muon in the event. This minimal selection
also facilitates a reinterpretation of the results in terms of models with more complex signal
topologies than the single eµ pair. Events that satisfy single-muon and single-photon trig-
gers [18] with respective transverse momentum (pT) thresholds of 50 and 175 GeV for muons
and photons are selected for analysis. Electromagnetic energy deposited by an electron in the
calorimeter activates the photon trigger used to record our events. The photon trigger is there-
fore as efficient as the corresponding electron trigger, while its weaker isolation requirements
yield an event sample that can also be used in sideband analyses to estimate the background
to the signal.

Electrons and muons are reconstructed and identified using standard CMS algorithms, de-
scribed in Refs. [19, 20].

To reconstruct an electron candidate, energy depositions in the ECAL are first combined into

Targets models with lepton flavor violation 
Different flavor requirement suppress large Drell-Yan production

Inclusive Selection:  
   e/µ:  PT > 53 GeV  

Sensitive to variety of models
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Figure 1: Leading order Feynman diagrams considered in our search. Left: Resonant produc-
tion of a t sneutrino in an RPV SUSY model that includes the subsequent decay into an electron
and a muon. The ent is produced from the annihilation of two down quarks via the l0

311 cou-
pling, and then decays via the l132 = l231 couplings into the electron muon final state. Middle:
Production of quantum black holes in a model with extra dimensions that involves subsequent
decay into an electron and a muon. Right: Resonant production of a Z0 boson with subsequent
decay into an electron and a muon.

and by the ATLAS and CMS experiments at the LHC in pp collisions at center-of-mass energies
of 8 TeV [14, 15] and 13 TeV [16]. The search by CMS at 8 TeV has an integrated luminosity of
19.7 fb�1, and excludes ent masses up to 1.28 TeV for l132 = l231 = l0

311 = 0.01. The search
performed by ATLAS at 13 TeV with 3.2 fb�1 of luminosity excludes Z0 bosons with mass up to
mZ0 = 3.01 TeV. The present search significantly extends these limits.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two end sections, reside within the solenoid volume. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and end calorime-
ters. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a defini-
tion of the coordinate system and kinematic variables, can be found in Ref. [17].

3 Event selection

The search is designed to be inclusive and model independent, requiring at least one prompt,
isolated electron and at least one prompt, isolated muon in the event. This minimal selection
also facilitates a reinterpretation of the results in terms of models with more complex signal
topologies than the single eµ pair. Events that satisfy single-muon and single-photon trig-
gers [18] with respective transverse momentum (pT) thresholds of 50 and 175 GeV for muons
and photons are selected for analysis. Electromagnetic energy deposited by an electron in the
calorimeter activates the photon trigger used to record our events. The photon trigger is there-
fore as efficient as the corresponding electron trigger, while its weaker isolation requirements
yield an event sample that can also be used in sideband analyses to estimate the background
to the signal.

Electrons and muons are reconstructed and identified using standard CMS algorithms, de-
scribed in Refs. [19, 20].

To reconstruct an electron candidate, energy depositions in the ECAL are first combined into
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neutrinos from the τ -lepton decays. Therefore, the mass reconstruction used for both the

τhadτhad and τlepτhad channels is the total transverse mass, defined as:

mtot
T ≡

√
(pτ1T + pτ2T + Emiss

T )2 − (pτ1
T + pτ2

T +Emiss
T )2 ,

where pτ1
T and pτ2

T are the momenta of the visible tau decay products (including τhad and

τlep) projected into the transverse plane. More complex mass reconstruction techniques

were investigated, but they did not improve the expected sensitivity.

6 Background estimation

The dominant background contribution in the τhadτhad channel is from multijet produc-

tion, which is estimated using a data-driven technique, described in section 6.1. Other

important background contributions come from Z/γ∗ → ττ production at high mtot
T in the

b-veto category, tt̄ production in the b-tag category, and to a lesser extent W (→ ℓν)+jets,

single top-quark, diboson and Z/γ∗(→ ℓℓ)+jets production. These contributions are esti-

mated using simulation. Corrections are applied to the simulation to account for mismod-

elling of the trigger, reconstruction, identification and isolation efficiencies, the electron to

τhad-vis misidentification rate and the momentum scales and resolutions. To further im-

prove the modelling in the τhadτhad channel, events in the simulation that contain quark-

or gluon-initiated jets (henceforth called jets) that are misidentified as τhad-vis candidates

are weighted by fake-rates measured in W+ jets and tt̄ control regions in data.

The dominant background contribution in the τlepτhad channel arises from processes

where the τhad-vis candidate originates from a jet. This contribution is estimated using

a data-driven technique similar to the τhadτhad channel, described in section 6.2. The

events are divided into those where the selected lepton is correctly identified, predominantly

from W+ jets (tt̄) production in the b-veto (b-tag) channel, and those where the selected

lepton arises from a jet, predominantly from multijet production. Backgrounds where both

the τhad-vis and lepton candidates originate from electrons, muons or taus (real-lepton)

arise from Z/γ∗ → ττ production in the b-veto category and tt̄ production in the b-

tag category, with minor contributions from Z/γ∗ → ℓℓ, diboson and single top-quark

production. These contributions are estimated using simulation. To help constrain the

normalisation of the tt̄ contribution, a control region rich in tt̄ events (CR-T) is defined

and included in the statistical fitting procedure. The other major background contributions

can be adequately constrained in the signal regions. Events in this control region must pass

the signal selection for the b-tag category, but the mT(pℓ
T,E

miss
T ) selection is replaced by

mT(pℓ
T,E

miss
T ) > 110 (100)GeV in the τeτhad (τµτhad) channel. The tighter selection in the

τeτhad channel is used to help suppress the larger multijet contamination. The region has

∼90% tt̄ purity.

6.1 Jet background estimate in the τhadτhad channel

The data-driven technique used to estimate the dominant multijet background in the

τhadτhad channel is described in section 6.1.1. The method used to weight simulated events

– 10 –

X → ττ
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neutrinos from the τ -lepton decays. Therefore, the mass reconstruction used for both the

τhadτhad and τlepτhad channels is the total transverse mass, defined as:

mtot
T ≡

√
(pτ1T + pτ2T + Emiss

T )2 − (pτ1
T + pτ2

T +Emiss
T )2 ,

where pτ1
T and pτ2

T are the momenta of the visible tau decay products (including τhad and

τlep) projected into the transverse plane. More complex mass reconstruction techniques

were investigated, but they did not improve the expected sensitivity.

6 Background estimation

The dominant background contribution in the τhadτhad channel is from multijet produc-

tion, which is estimated using a data-driven technique, described in section 6.1. Other

important background contributions come from Z/γ∗ → ττ production at high mtot
T in the

b-veto category, tt̄ production in the b-tag category, and to a lesser extent W (→ ℓν)+jets,

single top-quark, diboson and Z/γ∗(→ ℓℓ)+jets production. These contributions are esti-

mated using simulation. Corrections are applied to the simulation to account for mismod-

elling of the trigger, reconstruction, identification and isolation efficiencies, the electron to

τhad-vis misidentification rate and the momentum scales and resolutions. To further im-

prove the modelling in the τhadτhad channel, events in the simulation that contain quark-

or gluon-initiated jets (henceforth called jets) that are misidentified as τhad-vis candidates

are weighted by fake-rates measured in W+ jets and tt̄ control regions in data.

The dominant background contribution in the τlepτhad channel arises from processes

where the τhad-vis candidate originates from a jet. This contribution is estimated using

a data-driven technique similar to the τhadτhad channel, described in section 6.2. The

events are divided into those where the selected lepton is correctly identified, predominantly

from W+ jets (tt̄) production in the b-veto (b-tag) channel, and those where the selected

lepton arises from a jet, predominantly from multijet production. Backgrounds where both

the τhad-vis and lepton candidates originate from electrons, muons or taus (real-lepton)

arise from Z/γ∗ → ττ production in the b-veto category and tt̄ production in the b-

tag category, with minor contributions from Z/γ∗ → ℓℓ, diboson and single top-quark

production. These contributions are estimated using simulation. To help constrain the

normalisation of the tt̄ contribution, a control region rich in tt̄ events (CR-T) is defined

and included in the statistical fitting procedure. The other major background contributions

can be adequately constrained in the signal regions. Events in this control region must pass

the signal selection for the b-tag category, but the mT(pℓ
T,E

miss
T ) selection is replaced by

mT(pℓ
T,E

miss
T ) > 110 (100)GeV in the τeτhad (τµτhad) channel. The tighter selection in the

τeτhad channel is used to help suppress the larger multijet contamination. The region has

∼90% tt̄ purity.

6.1 Jet background estimate in the τhadτhad channel

The data-driven technique used to estimate the dominant multijet background in the

τhadτhad channel is described in section 6.1.1. The method used to weight simulated events
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(d) τhadτhad b-tag category.

Figure 5. Distributions of mtot
T for the (a) b-veto and (b) b-tag categories of the τlepτhad channel

and the (c) b-veto and (d) b-tag categories of the τhadτhad channel. The label “Others” refers
to contributions from diboson, Z/γ∗(→ ℓℓ)+jets and W (→ ℓν)+jets production. In the τlepτhad
channel, events containing τhad-vis candidates that originate from jets are removed from all processes
other than Jet → τ fake. The binning displayed is that entering into the statistical fit discussed in
section 8, with minor modifications needed to combine the τlepτhad channels and with underflows
and overflows included in the first and last bins, respectively. The predictions and uncertainties
for the background processes are obtained from the fit under the hypothesis of no signal. The
combined prediction for A and H bosons with masses of 300, 500 and 800GeV and tan β = 10 in
the hMSSM scenario are superimposed. The significance of the data given the fitted model and
its uncertainty is computed in each bin following ref. [140] and is shown in the lower panels. The
expected significance of the hypothetical Higgs boson signals are also overlaid.
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Figure 5. Distributions of mtot
T for the (a) b-veto and (b) b-tag categories of the τlepτhad channel

and the (c) b-veto and (d) b-tag categories of the τhadτhad channel. The label “Others” refers
to contributions from diboson, Z/γ∗(→ ℓℓ)+jets and W (→ ℓν)+jets production. In the τlepτhad
channel, events containing τhad-vis candidates that originate from jets are removed from all processes
other than Jet → τ fake. The binning displayed is that entering into the statistical fit discussed in
section 8, with minor modifications needed to combine the τlepτhad channels and with underflows
and overflows included in the first and last bins, respectively. The predictions and uncertainties
for the background processes are obtained from the fit under the hypothesis of no signal. The
combined prediction for A and H bosons with masses of 300, 500 and 800GeV and tan β = 10 in
the hMSSM scenario are superimposed. The significance of the data given the fitted model and
its uncertainty is computed in each bin following ref. [140] and is shown in the lower panels. The
expected significance of the hypothetical Higgs boson signals are also overlaid.
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high-mass resonances decaying to ditau final states have been performed by the ATLAS

and CMS collaborations using data collected at
√
s = 8 and 13TeV [29, 41, 42].

This paper presents the results of a search for neutral MSSM Higgs bosons as well as

high-mass Z ′ resonances in the ditau decay mode using 36.1 fb−1 of proton-proton collision

data at a centre-of-mass energy of 13TeV collected with the ATLAS detector [43] in 2015

and 2016. The search is performed in the τlepτhad and τhadτhad decay modes, where τlep
represents the decay of a τ -lepton to an electron or a muon and neutrinos, whereas τhad
represents the decay to one or more hadrons and a neutrino. The search considers narrow

resonances2 with masses of 0.2–2.25TeV and tan β of 1–58 for the MSSM Higgs bosons.

For the Z ′ boson search, a mass range of 0.2–4TeV is considered. Higgs boson production

through gluon-gluon fusion and in association with b-quarks is considered (figures 1(a)–

1(c)), with the latter mode dominating for high tan β values. Hence, both the τlepτhad
and τhadτhad channels are split into b-tag and b-veto categories, based on the presence or

absence of jets tagged as originating from b-quarks in the final state. Since a Z ′ boson is

expected to be predominantly produced via a Drell-Yan process (figure 1(d)), there is little

gain in splitting the data into b-tag and b-veto categories. Hence, the Z ′ analysis uses an

inclusive selection instead.

The paper is structured as follows. Section 2 provides an overview of the ATLAS

detector. The event samples used in the analysis, recorded by the ATLAS detector or

simulated using the ATLAS simulation framework, are reported in section 3. The event

reconstruction is presented in section 4. A description of the event selection criteria is

given in section 5. Section 6 explains the estimation of background contributions, followed

by a description of systematic uncertainties in section 7. Results are presented in section 8,

followed by concluding remarks in section 9.

2A resonance is considered “narrow” if the lineshape has no impact on experimental observables.
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high-mass resonances decaying to ditau final states have been performed by the ATLAS

and CMS collaborations using data collected at
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s = 8 and 13TeV [29, 41, 42].

This paper presents the results of a search for neutral MSSM Higgs bosons as well as

high-mass Z ′ resonances in the ditau decay mode using 36.1 fb−1 of proton-proton collision

data at a centre-of-mass energy of 13TeV collected with the ATLAS detector [43] in 2015

and 2016. The search is performed in the τlepτhad and τhadτhad decay modes, where τlep
represents the decay of a τ -lepton to an electron or a muon and neutrinos, whereas τhad
represents the decay to one or more hadrons and a neutrino. The search considers narrow

resonances2 with masses of 0.2–2.25TeV and tan β of 1–58 for the MSSM Higgs bosons.

For the Z ′ boson search, a mass range of 0.2–4TeV is considered. Higgs boson production

through gluon-gluon fusion and in association with b-quarks is considered (figures 1(a)–

1(c)), with the latter mode dominating for high tan β values. Hence, both the τlepτhad
and τhadτhad channels are split into b-tag and b-veto categories, based on the presence or

absence of jets tagged as originating from b-quarks in the final state. Since a Z ′ boson is

expected to be predominantly produced via a Drell-Yan process (figure 1(d)), there is little

gain in splitting the data into b-tag and b-veto categories. Hence, the Z ′ analysis uses an

inclusive selection instead.

The paper is structured as follows. Section 2 provides an overview of the ATLAS

detector. The event samples used in the analysis, recorded by the ATLAS detector or

simulated using the ATLAS simulation framework, are reported in section 3. The event

reconstruction is presented in section 4. A description of the event selection criteria is

given in section 5. Section 6 explains the estimation of background contributions, followed

by a description of systematic uncertainties in section 7. Results are presented in section 8,

followed by concluding remarks in section 9.

2A resonance is considered “narrow” if the lineshape has no impact on experimental observables.
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   Production modes:  gluon-fusion / associated b-jet production 
   τ-decay modes:       τlepτhad / τhadτhad (had-had stronger sensitivity) 

Most important background from multijets w/fake τs 
   - Data-driven modeling using fake-factors  
   - Systematic varies between 10% — 50 %
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neutrinos from the τ -lepton decays. Therefore, the mass reconstruction used for both the

τhadτhad and τlepτhad channels is the total transverse mass, defined as:

mtot
T ≡

√
(pτ1T + pτ2T + Emiss

T )2 − (pτ1
T + pτ2

T +Emiss
T )2 ,

where pτ1
T and pτ2

T are the momenta of the visible tau decay products (including τhad and

τlep) projected into the transverse plane. More complex mass reconstruction techniques

were investigated, but they did not improve the expected sensitivity.

6 Background estimation

The dominant background contribution in the τhadτhad channel is from multijet produc-

tion, which is estimated using a data-driven technique, described in section 6.1. Other

important background contributions come from Z/γ∗ → ττ production at high mtot
T in the

b-veto category, tt̄ production in the b-tag category, and to a lesser extent W (→ ℓν)+jets,

single top-quark, diboson and Z/γ∗(→ ℓℓ)+jets production. These contributions are esti-

mated using simulation. Corrections are applied to the simulation to account for mismod-

elling of the trigger, reconstruction, identification and isolation efficiencies, the electron to

τhad-vis misidentification rate and the momentum scales and resolutions. To further im-

prove the modelling in the τhadτhad channel, events in the simulation that contain quark-

or gluon-initiated jets (henceforth called jets) that are misidentified as τhad-vis candidates

are weighted by fake-rates measured in W+ jets and tt̄ control regions in data.

The dominant background contribution in the τlepτhad channel arises from processes

where the τhad-vis candidate originates from a jet. This contribution is estimated using

a data-driven technique similar to the τhadτhad channel, described in section 6.2. The

events are divided into those where the selected lepton is correctly identified, predominantly

from W+ jets (tt̄) production in the b-veto (b-tag) channel, and those where the selected

lepton arises from a jet, predominantly from multijet production. Backgrounds where both

the τhad-vis and lepton candidates originate from electrons, muons or taus (real-lepton)

arise from Z/γ∗ → ττ production in the b-veto category and tt̄ production in the b-

tag category, with minor contributions from Z/γ∗ → ℓℓ, diboson and single top-quark

production. These contributions are estimated using simulation. To help constrain the

normalisation of the tt̄ contribution, a control region rich in tt̄ events (CR-T) is defined

and included in the statistical fitting procedure. The other major background contributions

can be adequately constrained in the signal regions. Events in this control region must pass

the signal selection for the b-tag category, but the mT(pℓ
T,E

miss
T ) selection is replaced by

mT(pℓ
T,E

miss
T ) > 110 (100)GeV in the τeτhad (τµτhad) channel. The tighter selection in the

τeτhad channel is used to help suppress the larger multijet contamination. The region has

∼90% tt̄ purity.

6.1 Jet background estimate in the τhadτhad channel

The data-driven technique used to estimate the dominant multijet background in the

τhadτhad channel is described in section 6.1.1. The method used to weight simulated events
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Figure 5. Distributions of mtot
T for the (a) b-veto and (b) b-tag categories of the τlepτhad channel

and the (c) b-veto and (d) b-tag categories of the τhadτhad channel. The label “Others” refers
to contributions from diboson, Z/γ∗(→ ℓℓ)+jets and W (→ ℓν)+jets production. In the τlepτhad
channel, events containing τhad-vis candidates that originate from jets are removed from all processes
other than Jet → τ fake. The binning displayed is that entering into the statistical fit discussed in
section 8, with minor modifications needed to combine the τlepτhad channels and with underflows
and overflows included in the first and last bins, respectively. The predictions and uncertainties
for the background processes are obtained from the fit under the hypothesis of no signal. The
combined prediction for A and H bosons with masses of 300, 500 and 800GeV and tan β = 10 in
the hMSSM scenario are superimposed. The significance of the data given the fitted model and
its uncertainty is computed in each bin following ref. [140] and is shown in the lower panels. The
expected significance of the hypothetical Higgs boson signals are also overlaid.
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Figure 5. Distributions of mtot
T for the (a) b-veto and (b) b-tag categories of the τlepτhad channel

and the (c) b-veto and (d) b-tag categories of the τhadτhad channel. The label “Others” refers
to contributions from diboson, Z/γ∗(→ ℓℓ)+jets and W (→ ℓν)+jets production. In the τlepτhad
channel, events containing τhad-vis candidates that originate from jets are removed from all processes
other than Jet → τ fake. The binning displayed is that entering into the statistical fit discussed in
section 8, with minor modifications needed to combine the τlepτhad channels and with underflows
and overflows included in the first and last bins, respectively. The predictions and uncertainties
for the background processes are obtained from the fit under the hypothesis of no signal. The
combined prediction for A and H bosons with masses of 300, 500 and 800GeV and tan β = 10 in
the hMSSM scenario are superimposed. The significance of the data given the fitted model and
its uncertainty is computed in each bin following ref. [140] and is shown in the lower panels. The
expected significance of the hypothetical Higgs boson signals are also overlaid.
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high-mass resonances decaying to ditau final states have been performed by the ATLAS

and CMS collaborations using data collected at
√
s = 8 and 13TeV [29, 41, 42].

This paper presents the results of a search for neutral MSSM Higgs bosons as well as

high-mass Z ′ resonances in the ditau decay mode using 36.1 fb−1 of proton-proton collision

data at a centre-of-mass energy of 13TeV collected with the ATLAS detector [43] in 2015

and 2016. The search is performed in the τlepτhad and τhadτhad decay modes, where τlep
represents the decay of a τ -lepton to an electron or a muon and neutrinos, whereas τhad
represents the decay to one or more hadrons and a neutrino. The search considers narrow

resonances2 with masses of 0.2–2.25TeV and tan β of 1–58 for the MSSM Higgs bosons.

For the Z ′ boson search, a mass range of 0.2–4TeV is considered. Higgs boson production

through gluon-gluon fusion and in association with b-quarks is considered (figures 1(a)–

1(c)), with the latter mode dominating for high tan β values. Hence, both the τlepτhad
and τhadτhad channels are split into b-tag and b-veto categories, based on the presence or

absence of jets tagged as originating from b-quarks in the final state. Since a Z ′ boson is

expected to be predominantly produced via a Drell-Yan process (figure 1(d)), there is little

gain in splitting the data into b-tag and b-veto categories. Hence, the Z ′ analysis uses an

inclusive selection instead.

The paper is structured as follows. Section 2 provides an overview of the ATLAS

detector. The event samples used in the analysis, recorded by the ATLAS detector or

simulated using the ATLAS simulation framework, are reported in section 3. The event

reconstruction is presented in section 4. A description of the event selection criteria is

given in section 5. Section 6 explains the estimation of background contributions, followed

by a description of systematic uncertainties in section 7. Results are presented in section 8,

followed by concluding remarks in section 9.

2A resonance is considered “narrow” if the lineshape has no impact on experimental observables.

– 3 –

J
H
E
P
0
1
(
2
0
1
8
)
0
5
5

g

φ = h/A/H

g

(a)

g

g

b

b

φ = h/A/H

(b)

g

b

b

φ = h/A/H

(c)

q

q

Z ′

(d)

Figure 1. Lowest-order Feynman diagrams for (a) gluon-gluon fusion and b-associated production
of a neutral MSSM Higgs boson in the (b) four-flavour and (c) five-flavour schemes and (d) Drell-Yan
production of a Z ′ boson.

high-mass resonances decaying to ditau final states have been performed by the ATLAS

and CMS collaborations using data collected at
√
s = 8 and 13TeV [29, 41, 42].

This paper presents the results of a search for neutral MSSM Higgs bosons as well as

high-mass Z ′ resonances in the ditau decay mode using 36.1 fb−1 of proton-proton collision

data at a centre-of-mass energy of 13TeV collected with the ATLAS detector [43] in 2015

and 2016. The search is performed in the τlepτhad and τhadτhad decay modes, where τlep
represents the decay of a τ -lepton to an electron or a muon and neutrinos, whereas τhad
represents the decay to one or more hadrons and a neutrino. The search considers narrow

resonances2 with masses of 0.2–2.25TeV and tan β of 1–58 for the MSSM Higgs bosons.

For the Z ′ boson search, a mass range of 0.2–4TeV is considered. Higgs boson production

through gluon-gluon fusion and in association with b-quarks is considered (figures 1(a)–

1(c)), with the latter mode dominating for high tan β values. Hence, both the τlepτhad
and τhadτhad channels are split into b-tag and b-veto categories, based on the presence or

absence of jets tagged as originating from b-quarks in the final state. Since a Z ′ boson is

expected to be predominantly produced via a Drell-Yan process (figure 1(d)), there is little

gain in splitting the data into b-tag and b-veto categories. Hence, the Z ′ analysis uses an

inclusive selection instead.

The paper is structured as follows. Section 2 provides an overview of the ATLAS

detector. The event samples used in the analysis, recorded by the ATLAS detector or

simulated using the ATLAS simulation framework, are reported in section 3. The event

reconstruction is presented in section 4. A description of the event selection criteria is

given in section 5. Section 6 explains the estimation of background contributions, followed

by a description of systematic uncertainties in section 7. Results are presented in section 8,

followed by concluding remarks in section 9.

2A resonance is considered “narrow” if the lineshape has no impact on experimental observables.
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Figure 7. The observed and expected 95% CL upper limits on the production cross section times
branching fraction for a scalar boson produced via (a) gluon-gluon fusion and (b) b-associated
production, and for (c) gauge bosons. The limits are calculated from a statistical combination of
the τlepτhad and τhadτhad channels. The excluded regions from the 2015 data ATLAS search [29]
are depicted by the hatched blue fill. The predicted cross section for a Z ′

SSM boson is overlaid in
(c), where the band depicts the total uncertainty.
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Figure 1: Transverse mass distribution after the event selection. The total impact of the statistical and systematic
uncertainties on the SM background is depicted by the hatched area. The ratio of the data to the estimated SM
background is shown in the lower panel. The prediction for W 0

SSM and W 0
NU (cot �NU = 5.5) bosons with masses of

3 TeV are superimposed.

To reduce the impact of statistical fluctuations in the jet background estimate, a function f (mT) =
ma+b logmT

T , where a and b are free parameters, is fitted to the estimate in the range 400 < mT < 800 GeV
and is used to evaluate the jet background in the range mT > 500 GeV. The impact of altering the fit range
leads to an uncertainty that increases with mT, reaching 50% at mT = 2 TeV. The statistical uncertainty
from the control regions is propagated using pseudo-experiments and also reaches 50% at mT = 2 TeV.

Figure 1 shows the observed mT distribution of the data after event selection, including the estimated
SM background contributions and predictions for W 0

SSM and W 0
NU (cot �NU = 5.5) bosons with masses

of 3 TeV. The number of observed events is consistent with the expected SM background. Therefore,
upper limits are set on the production of a high-mass resonance decaying to ⌧⌫. The statistical analysis
uses a likelihood function constructed as the Poisson probability describing the total number of observed
events given the signal-plus-background expectation. Systematic uncertainties in the expected number
of events are incorporated into the likelihood via nuisance parameters constrained by Gaussian prior
probability density distributions. Correlations between signal and background are taken into account. A
signal-strength parameter, with a uniform prior probability density distribution, multiplies the expected
signal. The dominant relative uncertainties in the expected signal and background contributions are shown
in Figure 2 as a function of the mT threshold.

Limits are set at the 95% credibility level (CL) using the Bayesian Analysis Toolkit [60]. Figure 3 shows
the model-independent upper limits on the visible ⌧⌫ production cross section, �(pp ! ⌧⌫ + X) · A · ",
as a function of the mT threshold, where A is the fiducial acceptance (including the mT threshold) and " is
the reconstruction e�ciency. Model-specific limits can be derived by evaluating �, A and " for the model
in question and checking if the corresponding visible cross section is excluded at any mT threshold. This
allows the results to be reinterpreted for a broad range of models, regardless of their mT distribution. Good
agreement between the generated and reconstructed mT distributions is found, indicating that a reliable
calculation of the mT threshold acceptance can be made at generator level. The reconstruction e�ciency

5

Event Selection:  
  - MeT Trigger 
  - MeT > 150 GeV 
  - PT tau > 50 GeV 
  - τ-ID: ε ~ 60% @ 100GeV (~30% @ 2 TeV)

Counting experiment in mT in tail 

Bkg Uncertainties: 10 – 30%

X → τhadν
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Mono-τhad signature / Interpreted in W’ scenario 
Particularly important in models with enhanced 3rd generation couplings
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Broad coverage targeting ~all relevant final states: 
  - Trend of targeting different production modes will continue 
  - Look for more relaxing of mass cuts:  1D searches → 2D scans

Conclusions
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Rich program of resonance searches at LHC.  Lot I could not cover ! 

Expect updates with full run-2 data (~150/fb) set next spring/summer.
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X → ZZ → 4l
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Table 5: ℓ+ℓ−νν̄ search: expected and observed number of events together with their statistical and systematic
uncertainties, for the ggF- and VBF-enriched categories.

Process
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VBF-enriched category
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Figure 3: Expected and observed distributions of the resonance candidate mass mVZ in the
high-mass analysis, in the electron (top) and muon (bottom) channels, and separately for the
high (left) and low purity (right) categories. The shaded area represents the post-fit uncertainty
in the background. The bottom panels show the pull distribution between data and post-fit SM
background fit, where sdata is the Poisson uncertainty in the data. The expected contribution
from W’ signal candidates with mass mX = 2000 GeV, normalized to a cross section of 100 fb,
is also shown (red line).

14 7 Systematic uncertainties

400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

50
 G

eV

1−10

1

10

210

310

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Merged Untagged

 llqq→ ZV →X 

 (GeV)VZm
400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 9.18/182χ
400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

50
 G

eV

1−10

1

10

210

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Merged Tagged

 llqq→ ZV →X 

 (GeV)VZm
400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 32.10/182χ

200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

40
 G

eV

1

10

210

310

410

510 Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Resolved Untagged

 llqq→ ZV →X 

 (GeV)VZm
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 6.19/252χ
200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

40
 G

eV

1−10

1

10

210

310

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Resolved Tagged

 llqq→ ZV →X 

 (GeV)VZm
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 17.3/222χ

Figure 5: The signal region mVZ distributions for the low-mass search, in the the merged V
(top), resolved V (bottom), untagged (left) and tagged (right) categories, after fitting the sig-
nal and sideband regions. Electron and muon events are shown combined. A 600 GeV bulk
graviton signal prediction is represented by the black dashed histogram. The gray band indi-
cates the statistical and post-fit systematic uncertainties in the normalization and shape of the
background.

mass analyses: in the low-mass analysis, where a dedicated eµ control region is exploited to
measure the t+X background normalization, a 4% uncertainty is estimated, by comparing the
yield of eµ events with ee+ µµ data; in the high-mass analysis, where the top quark production
is taken from simulation, a 5% uncertainty in the cross section is used, which is extracted from
the recent CMS measurement of top quark pair production in dilepton events [37].

Uncertainties associated with the description in simulation of the trigger efficiencies, as well
as the uncertainties in the efficiency for electron and muon reconstruction, identification, and
isolation, are extracted from dedicated studies of events with leptonic Z decays, and amount to
1.5–3%, depending on the lepton flavor. The uncertainties in the lepton momentum and energy
scales are taken into account, and propagated to the signal shapes and normalization, with a
typical impact on the normalization of about 0.5–2% depending on the lepton flavor.

Uncertainties in the jet energy scale and resolution [38] affect both the normalization and the
shape of the background and signal samples. The momenta of the reconstructed jets are varied
according to the uncertainties in the jet energy scale, and the selection efficiencies and mVZ

14 7 Systematic uncertainties

400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

50
 G

eV

1−10

1

10

210

310

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Merged Untagged

 llqq→ ZV →X 

 (GeV)VZm
400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 9.18/182χ
400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

50
 G

eV

1−10

1

10

210

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Merged Tagged

 llqq→ ZV →X 

 (GeV)VZm
400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 32.10/182χ

200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

40
 G

eV

1

10

210

310

410

510 Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Resolved Untagged

 llqq→ ZV →X 

 (GeV)VZm
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 6.19/252χ
200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
 / 

40
 G

eV

1−10

1

10

210

310

Data
Z(ll) + jets

 tW WWtt
ZV
Bkg. unc.

 = 600 GeVXm
 Z(ll)Z(qq)→G 

 = 0.5k~

  (13 TeV)-135.9 fb

CMS
Preliminary

Resolved Tagged

 llqq→ ZV →X 

 (GeV)VZm
200 400 600 800 1000 1200 1400 1600 1800 2000

D
at

a/
fit

0.5

1

1.5 /ndof = 17.3/222χ

Figure 5: The signal region mVZ distributions for the low-mass search, in the the merged V
(top), resolved V (bottom), untagged (left) and tagged (right) categories, after fitting the sig-
nal and sideband regions. Electron and muon events are shown combined. A 600 GeV bulk
graviton signal prediction is represented by the black dashed histogram. The gray band indi-
cates the statistical and post-fit systematic uncertainties in the normalization and shape of the
background.

mass analyses: in the low-mass analysis, where a dedicated eµ control region is exploited to
measure the t+X background normalization, a 4% uncertainty is estimated, by comparing the
yield of eµ events with ee+ µµ data; in the high-mass analysis, where the top quark production
is taken from simulation, a 5% uncertainty in the cross section is used, which is extracted from
the recent CMS measurement of top quark pair production in dilepton events [37].

Uncertainties associated with the description in simulation of the trigger efficiencies, as well
as the uncertainties in the efficiency for electron and muon reconstruction, identification, and
isolation, are extracted from dedicated studies of events with leptonic Z decays, and amount to
1.5–3%, depending on the lepton flavor. The uncertainties in the lepton momentum and energy
scales are taken into account, and propagated to the signal shapes and normalization, with a
typical impact on the normalization of about 0.5–2% depending on the lepton flavor.

Uncertainties in the jet energy scale and resolution [38] affect both the normalization and the
shape of the background and signal samples. The momenta of the reconstructed jets are varied
according to the uncertainties in the jet energy scale, and the selection efficiencies and mVZ
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Figure 6: Observed and expected 95% CL upper limit on sW0B(W0 ! ZW) (left) and sGB(G !
ZZ) (right) as a function of the resonance mass, including all statistical and systematic uncer-
tainties. The electron and muon channels and the various categories used in the analysis are
combined together. The green and yellow bands represent the 68% and 95% coverage of the
expected limit in the background-only hypothesis. The dashed vertical line represents the sep-
aration between the low- and the high-mass analysis strategy. Theoretical predictions for the
signal production cross section are also shown: (left) W’ produced in the framework of HVT
model A with gv = 1 and model B with gv = 3; (right) G produced in the WED bulk graviton
model with k̃ = 0.5.
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Figure 7: Observed local p-values for W0 (left) and G (right) narrow resonances as a function of
the resonance mass. The dashed vertical line represents the separation between the low- and
the high-mass analysis strategy.

9 Summary
A search for heavy resonances decaying into a Z boson and a Z or a W boson in the 2`2q
final state has been presented. The data analyzed was collected by the CMS experiment from
proton-proton collisions at

p
s = 13 TeV during 2016 operations at the LHC, corresponding to

an integrated luminosity of 35.9 fb�1. The final state searched for consists of a Z boson decaying
leptonically into an electron or muon pair, and the decay of an additional W or Z boson into
a pair of quarks. Two analysis strategies, dedicated to the low- and high-mass regimes, have
been used to set limits in the range of resonance mass from 400 GeV to 4.5 TeV. Depending
on the resonance mass, upper expected limits of 3–3000 fb and 1.5–400 fb have been set on the
product of the cross section of a spin-1 W’ signal and the ZW branching fraction, and on a spin-
2 graviton signal and the ZZ branching fraction, respectively. The results of the present analysis

X → ZV → llqq

low mass high mass
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(a) SM non-resonant
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(b) Multijet Background

Figure 1: Higgs boson candidate mass plane regions. The signal region is inside the red dashed curve, the control
region is outside the signal region and within the orange circle, the sideband is outside the control region and within
the yellow circle. (a) shows the SM hh process, and (b) shows the estimated multijet background, which is described
in Sec. 5.2.

where the 0.1m2j terms represent the widths of the leading and sub-leading Higgs boson candidate mass231

distributions, derived from simulation. The signal region is shown as the inner region of Figure 1.232

To reduce the tt̄ background, hadronic top candidates are built from any three jets in the event, of which233

one must be a constituent of a Higgs boson candidate. These three jets are ordered by their b-tagging score.234

The highest one is considered as the b-jet originating from the top decay; the other two jets are considered235

as forming a hadronic W candidate. The consistency of this combination with the top hypothesis is then236

evaluated using the XWt variable:237

XWt =

s✓
mW � 80 GeV

0.1mW

◆2
+

✓
mt � 173 GeV

0.1mt

◆2
. (3)

All possible combinations of three jets are considered and the top candidate with the smallest XWt is chosen238

for each event. Events with the smallest XWt < 1.5 are vetoed in the final selection. This requirement239

reduces the tt̄ contamination where both tops decay without leptons (hadronic) by 60%, and the tt̄ events240

that contain leptons (semi-leptonic) by 45%.241

The final analysis discriminant, m4j, is the invariant mass of the selected four-jet system. A correction242

is made based on the known Higgs boson mass, where each Higgs boson candidate four-momentum243

is multiplied by a correction factor mh/m2j. This leads to an improvement of ⇠ 30% in signal m4j244

resolution with a significant reduction of low-mass tails caused by energy loss and with little impact on245

the background.246

The fraction of signal events accepted by the detector combined with the e�ciency of each selection step247

is shown in Figure 2 for the narrow-width scalar, the graviton and SM non-resonant signal models.248
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Figure 3: Distributions of m4j in the control region of the resolved analysis for (a) 2015 data and (b) 2016 data,
compared to the predicted backgrounds. The hatched bands shown in the bottom panels represent the statistical
uncertainties. The expected signal distributions of G⇤

KK resonances with masses of 800 and 1200 GeV, the 280 GeV
scalar sample and SM non-resonant hh production (x100) are also shown. The scalar sample is normalized to a
cross section times BR of 2.7 pb.

of detector and theoretical modelling uncertainties on the tt̄ background shape were assessed but were337

found to be negligible, because the data-driven reweighting procedure used for the multijet modelling338

compensates for biases in the tt̄ sample by adjusting the multijet model.339

Theoretical uncertainties on the signal acceptance result from variations of renormalization and factoriz-340

ation scales, PDF set uncertainties, and uncertainties in modelling of the underlying event and hadronic341

showers (therefore varying inital and final-state radiation). The scales are varied by a factor 2 and 0.5.342

The PDF uncertainties are evaluated using PDF4LHC15 sets [34]. The shower and underlying event343

are varied by switching from H�����++ to P����� for the scalar samples, and vice versa for the spin-2344

samples. The total theoretical uncertainty is dominated by the shower variations. The size of the variation345

on the expected signal yield is typically below 10% but can increase to 23% depending on the signal346

hypothesis.347

The following detector modelling uncertainties are evaluated: uncertainties in the jet energy scale (JES)348

and resolution (JER), uncertainties in the b-tagging e�ciency and uncertainties in the trigger e�ciency.349

The MC simulated samples also share common luminosity uncertainties. The jet energy uncertainties are350

derived using in situ measurement techniques described in Refs. [62–64]. The JES systematic uncertainty351

is evaluated following the prescription outlined in Ref. [65]. The JER uncertainty is evaluated by smearing352

jet energies according to the systematic uncertainties of the resolution measurement [65].353

The uncertainty on the integrated luminosity for the 2015 (2016) dataset is ±2.1% (±2.2%), which was354

evaluated using a technique similar to that described in [66].355

The uncertainty in the b-tagging e�ciency is evaluated by propagating the systematic uncertainty in356

the pT-dependent, measured tagging e�ciency for b-jets [67]. For b-jets with pT > 300 GeV, system-357
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Table 3: The number of predicted background events in the signal region (SR) for the resolved analysis compared
to the data, for the 2015 and 2016 datasets. The yields for three potential signals, an 800 GeV G⇤

KK resonance with
k/M̄Pl = 1, a scalar with mass of 280 GeV, and SM non-resonant Higgs boson pair production, are also shown. The
scalar sample is normalized to a cross section times BR of 2.7 pb. The quoted errors include both the statistical and
systematic uncertainties, and the total uncertainty considers correlations. The numbers of observed and predicted
events are also given in the control region (CR).

Sample 2015 SR 2016 SR 2015 CR 2016 CR

Multijet 866 ± 70 6750 ± 170 880± 71 7110± 180
tt̄, hadronic 52 ± 35 259 ± 57 56± 37 276± 61
tt̄, semi-leptonic 13.9 ± 6.5 123 ± 30 20± 9 168± 40

Total 930 ± 70 7130 ± 130 956± 50 7550± 130

Data 928 7430 969 7656

G⇤
KK (800 GeV) 12.5 ± 1.9 89 ± 14

Scalar (280 GeV) 24 ± 7.5 180 ± 57
SM hh 0.607± 0.091 4.43± 0.66
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Figure 4: Distributions of m4j in the signal region of the resolved analysis for (a) 2015 data and (b) 2016 data,
compared to the predicted backgrounds. The hatched bands shown in the bottom panels represent the combined
statistical and systematic uncertainties in the total background estimates. The expected signal distributions of G⇤

KK
resonances with masses of 800 and 1200 GeV, the 280 GeV scalar sample and SM non-resonant hh production
(x100) are also shown. The scalar sample is normalized to a cross section times BR of 2.7 pb.

6 Boosted analysis380

The boosted analysis is optimized to discover signals arising from production of high-mass resonances381

decaying to Higgs boson pairs. The strategy is to select two Higgs boson candidates with mass near mh,382
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Figure 1: Transverse mass distribution after the event selection. The total impact of the statistical and systematic
uncertainties on the SM background is depicted by the hatched area. The ratio of the data to the estimated SM
background is shown in the lower panel. The prediction for W 0

SSM and W 0
NU (cot �NU = 5.5) bosons with masses of

3 TeV are superimposed.

To reduce the impact of statistical fluctuations in the jet background estimate, a function f (mT) =
ma+b logmT

T , where a and b are free parameters, is fitted to the estimate in the range 400 < mT < 800 GeV
and is used to evaluate the jet background in the range mT > 500 GeV. The impact of altering the fit range
leads to an uncertainty that increases with mT, reaching 50% at mT = 2 TeV. The statistical uncertainty
from the control regions is propagated using pseudo-experiments and also reaches 50% at mT = 2 TeV.

Figure 1 shows the observed mT distribution of the data after event selection, including the estimated
SM background contributions and predictions for W 0

SSM and W 0
NU (cot �NU = 5.5) bosons with masses

of 3 TeV. The number of observed events is consistent with the expected SM background. Therefore,
upper limits are set on the production of a high-mass resonance decaying to ⌧⌫. The statistical analysis
uses a likelihood function constructed as the Poisson probability describing the total number of observed
events given the signal-plus-background expectation. Systematic uncertainties in the expected number
of events are incorporated into the likelihood via nuisance parameters constrained by Gaussian prior
probability density distributions. Correlations between signal and background are taken into account. A
signal-strength parameter, with a uniform prior probability density distribution, multiplies the expected
signal. The dominant relative uncertainties in the expected signal and background contributions are shown
in Figure 2 as a function of the mT threshold.

Limits are set at the 95% credibility level (CL) using the Bayesian Analysis Toolkit [60]. Figure 3 shows
the model-independent upper limits on the visible ⌧⌫ production cross section, �(pp ! ⌧⌫ + X) · A · ",
as a function of the mT threshold, where A is the fiducial acceptance (including the mT threshold) and " is
the reconstruction e�ciency. Model-specific limits can be derived by evaluating �, A and " for the model
in question and checking if the corresponding visible cross section is excluded at any mT threshold. This
allows the results to be reinterpreted for a broad range of models, regardless of their mT distribution. Good
agreement between the generated and reconstructed mT distributions is found, indicating that a reliable
calculation of the mT threshold acceptance can be made at generator level. The reconstruction e�ciency

5

Event Selection:  
  - MeT Trigger 
  - MeT > 150 GeV 
  - PT tau > 50 GeV 
  - τ-ID: ε ~ 60% @ 100GeV (~30% @ 2 TeV)

Counting experiment in mT in tail 

Bkg Uncertainties: 10 – 30%

X → τhadν

42

Mono-τhad signature / Interpreted in W’ scenario 
Particularly important in models with enhanced 3rd generation couplings

arXiv:1801.06992
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Figure 3: The 95% CL upper limit on the visible ⌧⌫ production cross section as a function of the mT threshold.
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Figure 4: (a) The 95% CL upper limit on the cross section times ⌧⌫ branching fraction for W 0
SSM. The W 0

SSM cross
section is overlaid where the additional lines represent the total theoretical uncertainty. (b) Excluded region for
W 0

NU. The 95% CL limits from the ATLAS ee, µµ [62] and ⌧⌧ [58] searches and indirect limits at 95% CL from fits
to electroweak precision measurements (EWPT) [63], lepton flavor violation (LFV) [64], CKM unitarity [65] and
the original Z-pole data [2] are overlaid.
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High mass diphoton search – Mass spectra 

H1 22 selection G1 22 selectionɣɣ Phys. Lett. B 767 (2017) 147

Experimental Signature
❖ Two high pT(>75 GeV), isolated 

photons
❖ At-least one photon in barrel

Background 
❖ Dominated by irreducible SM 
ɣɣ production: ~90% 

❖ Parametric fit to data with 
empirical function 

Possible Interpretations
❖Spin0: e.g. heavy scalar in non minimal Higgs sector
❖Spin2: e.g. graviton, as predicted in several extra-dimensions model (RS model) 
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Figure 4: (a) The 95% CL upper limit on the cross section times ⌧⌫ branching fraction for W 0
SSM. The W 0

SSM cross
section is overlaid where the additional lines represent the total theoretical uncertainty. (b) Excluded region for
W 0

NU. The 95% CL limits from the ATLAS ee, µµ [62] and ⌧⌧ [58] searches and indirect limits at 95% CL from fits
to electroweak precision measurements (EWPT) [63], lepton flavor violation (LFV) [64], CKM unitarity [65] and
the original Z-pole data [2] are overlaid.
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Figure 8: Comparisons of the observed data and expected background distributions of the final discriminants of
the ggF category for the H ! ZZ ! ``qq search: m``J of (a) high-purity and (b) low-purity signal regions; m`` j j
of (c) b-tagged and (d) untagged signal regions. For illustration, expected distributions from the ggF production
of a 1 TeV Higgs boson with � ⇥ B(H ! ZZ) = 20 fb are also shown. The middle panes show the ratios of the
observed data to the background predictions. The uncertainty in the total background prediction, shown as bands,
combines statistical and systematic contributions. The blue triangles in the middle panes indicate bins where the
ratio is nonzero and outside the vertical range of the plot. The bottom panes show the ratios of the post-fit and
pre-fit background predictions.
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Figure 8: Comparisons of the observed data and expected background distributions of the final discriminants of
the ggF category for the H ! ZZ ! ``qq search: m``J of (a) high-purity and (b) low-purity signal regions; m`` j j
of (c) b-tagged and (d) untagged signal regions. For illustration, expected distributions from the ggF production
of a 1 TeV Higgs boson with � ⇥ B(H ! ZZ) = 20 fb are also shown. The middle panes show the ratios of the
observed data to the background predictions. The uncertainty in the total background prediction, shown as bands,
combines statistical and systematic contributions. The blue triangles in the middle panes indicate bins where the
ratio is nonzero and outside the vertical range of the plot. The bottom panes show the ratios of the post-fit and
pre-fit background predictions.
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Figure 13 shows the limits on � ⇥ B(W0 ! ZW) for DY and VBF production of a W0 boson in the HVT
model. The observed limit ranges from 5.7 pb at 300 GeV to 1.3 fb at 5 TeV for DY production and from
0.98 pb at 300 GeV to 2.8 fb at 4 TeV for VBF production. The theoretical predictions of the HVT Model
A, Model B and VBF Model are overlaid for comparison. The observed limits exclude an HVT W0 boson
produced in the DY process lighter than 2.9 TeV for Model A and 3.2 TeV for Model B, while none of the
HVT model space can be excluded for the VBF process with the current sensitivity of the analysis.

(a) Bulk RS GKK ! ZZ, with k/MPl = 1
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Figure 14: Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits on �⇥B(GKK !
ZZ) at

p
s = 13 TeV for the production of a GKK in the bulk RS model with couplings of (a) k/MPl = 1 and

(b) k/MPl = 0.5 as a function of the graviton mass, combining ``qq and ⌫⌫qq searches. Limits expected from
individual searches (dashed curves in blue and magenta) are also shown for comparison. Limits are calculated in
the asymptotic approximation below 2 TeV and are obtained from pseudo-experiments above that. The theoretical
predictions for � ⇥ B(GKK ! ZZ) as a function of resonance mass for a bulk RS graviton are also shown. The
green (inner) and yellow (outer) bands represent the ±1� and ±2� uncertainty in the expected limits.

For GKK ! ZZ, limits are presented for two di↵erent couplings: k/MPl = 1 and k/MPl = 0.5, for masses
between 300 GeV and 5 TeV, as shown in Figure 14. The observed limits on � ⇥ B(GKK ! ZZ) vary
from 3.3 pb at 300 GeV to 0.74 fb at 5 TeV for the bulk RS model with k/MPl = 1. The exclusion limit
on the mass in this model is 1.3 (1.6) TeV for the observed (expected) limit. Similar results are obtained
for bulk RS model with k/MPl = 0.5, with a mass exclusion upper limit of 1.0 TeV for both observed and
expected limits.

8.3 E↵ects of systematic uncertainties

The e↵ects of systematic uncertainties are studied for hypothesised signals using the signal-strength para-
meter µ. The relative uncertainties in the best-fit µ value from the leading sources of systematic uncer-
tainty are shown in Table 5 for ggF H ! ZZ production with m(H) = 600 GeV and 1.2 TeV. Apart
from the statistical uncertainties in the data, the uncertainties with the largest impact on the sensitivity
of the searches are from the size of the MC samples, measurements of small-R and large-R jets, Emiss

T
measurement, background modelling and luminosity. For signals with higher mass, the data statistical
uncertainty becomes dominant. The e↵ects of systematic uncertainties for the other searches are similar
to those shown for the ggF H ! ZZ search.
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Figure 3. Schematic of the fake-factor background estimation in the τlepτhad channel. The
fake-factors, fX (X = MJ, W, L), are defined as the ratio of events in data that pass/fail
the specified selection requirements, measured in the fakes-regions: MJ-FR, W-FR and L-FR,
respectively. The multijet contribution is estimated by weighting events in CR-2 by the product of
fL and fMJ. The contribution from W+ jets and tt̄ events where the τhad-vis candidate originates
from a jet is estimated by subtracting the multijet contribution from CR-1 and then weighting
by fW. There is a small overlap of events between L-FR and the CR-1 and CR-2 regions. The
contribution where both the selected τhad-vis and lepton originate from leptons is estimated using
simulation (not shown here).

region CR-1 must pass the same selection as the τlepτhad SR, but the τhad-vis candidate must

fail τhad-vis identification. These events are weighted to estimate the jet background in SR,

but the weighting method must be extended to account for the fact that CR-1 contains

both multijet and W+ jets (or tt̄) events, which have significantly different fake-factors.

This is mainly due to a different fraction of quark-initiated jets, which are typically more

narrow and produce fewer hadrons than gluon-initiated jets, and are thus more likely to

pass the τhad-vis identification. The procedure, depicted in figure 3, is described in the

following. A summary of the corresponding signal, control and fakes regions is provided in

table 2. The associated uncertainties are discussed in section 7.2.

6.2.1 Multijet events

The multijet contributions in both CR-1 (NCR−1
multijet) and SR (NSR

multijet) are estimated from

events where the τhad-vis fails identification and the selected lepton fails isolation (CR-2).

The non-multijet background is subtracted using simulation and the events are weighted

first by the lepton-isolation fake-factor (fL), yielding NCR−1
multijet, and then by the multijet
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