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❖ Lepton/photon resonances: a powerful discovery tool


• Discovered Z, W, H bosons


❖ High resolution, low backgrounds
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A Powerful Tool for Discovery

Z→e+e- H→γγ
H→ZZ→4l (e/µ)

Discovery of Intermediate Vector Bosons 
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Fig.  74. Invariant masses of lepton pairs from the UAI and UA2 experiments. 
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In Table 10 are summarized all the experimental results related to the IVBs, W -+ and 
Zo.(45,46,99,1o1,1o3,124-) For the comparison with the model we will establish an average 
between the UA1 and UA2 mass determinations, taking the systematic errors into 
a c c o u n t .  (lz6) W e  o b t a i n  

m w  = 82.1 _ 1.7GeV/c z (9.1) 
m z  o = 93.0 _ 1.7 GeV/c 2 (9.2) 

A m  = m z  o - m w  = 10.9 +__ 1.6 GeV/c 2. (9.3) 

The error in the mass difference is smaller than that in the separate masses because of energy 
scale uncertainties which cancel in the difference. Figure 76 represents the experimental and 
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❖ ‘Classic’ searches: similar techniques/performance in ATLAS and CMS


• Will show selected results (personal choices due to limited time)
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❖ ‘Classic’ searches: similar techniques/performance in ATLAS and CMS


• Will show selected results (personal choices due to limited time)
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❖ Several searches not covered here 


• Because of time constraints


❖ Some notable                results (36 fb-1):


• ATLAS search for  X→ γ+MET


• CMS search for  X→ (H→γγ)+MET
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What’s Not in This Talk

NEW

https://arxiv.org/abs/1704.03848
http://cds.cern.ch/record/2264691?ln=en
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❖ Events with exactly one e/µ and significant MET


• Veto events with more than one lepton


❖ Discovery variable: transverse mass (l,MET)


❖ Main background: irreducible W→lν, from Powheg NLO MC


• Mass-dependent NLO→NNLO QCD scaling


• Mass-dependent NLO EWK corrections


❖ Fake lepton background (QCD) estimated in data


• Matrix method: loose→tight ID probability
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Single Lepton Search

Electron 
Channel

Muon 
Channel

Lepton pT 
Cut [GeV] > 65 > 55

MET Cut 
[GeV] > 65 > 55

ATLAS-CONF-2017-016

T = tight 
L = loose

R = real 
F = fake

✓
NT

NL

◆
= M ·
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No Excess in Single Lepton Spectra

Muon Channel Electron Channel

NEW

❖ Consistent with backgrounds 
 ❖ Observed excesses all have  
less than 1σ global significance

ATLAS-CONF-2017-016
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❖ Sequential SM used as benchmark model: excluding up to 5.1 TeV


❖ Significantly extend limits from previous searches
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Limits on SSM Wʹ Production
ATLAS-CONF-2017-016

NEW

CMS (2.3 fb-1):  
M > 4.1 TeV

https://arxiv.org/abs/1612.09274
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❖ Events with two same-flavor leptons (e/µ) with pT > 30 GeV


❖ Main background: DY production


• Taken from NLO Powheg MC


• Mass-dependent NLO→NNLO QCD scaling


• Mass-dependent NLO EWK corrections


❖ Small contributions from other processes  
with real leptons in final state (top, diboson) 


❖ Electron channel: small contribution from fakes


• Estimated in data with same matrix method
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Dilepton Strategy and Backgrounds
ATLAS-CONF-2017-027

mµµ = 1.98 TeV 
(ATLAS 2016)
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❖ Consistent with backgrounds 
 ❖ Most significant excess at 2.37 TeV 
in ee channel (~0.2σ globally)
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No Excess in Dilepton Searches

Dimuon Channel Dielectron Channel

NEW

ATLAS-CONF-2017-027
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❖ Setting limits on σ ⨉ BR


• M > 4.5 (3.8) TeV for ZSSM (Zψ)


❖ Re-interpreted also as search for 
non-resonant production (CI)


• See talk by W. Fedorko
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Limits on Dilepton Resonances
ATLAS-CONF-2017-027

NEW

CMS (13 fb-1):  
M > 4.0 (3.5) TeV

http://cds.cern.ch/record/2205764?ln=en


Francesco Pandolfi Search for resonances in leptons and photons 12

Diphoton Analysis Strategy
Physics Letters B 767 (2017) 147 

❖ Select events with two photons with pT > 75 GeV


• And look for bumps in diphoton mass spectrum


❖ Events classified based on photon rapidity


• EBEB: both in barrel (|η|<1.4), high resolution


• EBEE: one in endcaps (1.4<|η|<2.5)


❖ Continuous background measured directly in data 

• Fit mγγ > 330 (230) GeV in EBEB (EBEE)
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❖ Fit function:   f(x) = x a + b log(x)


• Uncertainty due to function choice assessed with toys from BG MC
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No Excess in Diphoton Spectra
The CMS Collaboration / Physics Letters B 767 (2017) 147–170 149

photons in the endcap region. No significant pT dependence of the 
efficiency ratios is observed, and a pT-independent correction is 
applied to the normalization of the simulated event samples to ac-
count for this difference.

The photon candidates in an event are grouped into all pos-
sible pairs. At least one photon candidate in the pair must have 
|η| < 1.44, i.e., be reconstructed in the barrel. Events with both 
photons in the endcaps are not considered, since their inclusion 
would increase the signal efficiency by only a few percent, at the 
cost of introducing a large background. Photon pairs are divided 
into two categories. The first category, denoted “EBEB”, contains 
pairs for which both candidates lie in the barrel. For the second 
category, denoted “EBEE”, one candidate lies in the barrel and the 
other in an endcap. The invariant mass mγ γ of the pair must sat-
isfy mγ γ > 230 GeV for EBEB candidates and mγ γ > 330 GeV for 
EBEE candidates. The fraction of events in which more than one 
photon pair satisfies the selection criteria is approximately 1%. In 
these cases, only the pair with the largest scalar sum of photon pT
is retained.

The selection efficiency times acceptance for signal events 
varies between 50% and 70%, depending on the signal hypothesis. 
Because of the different angular distribution of the decay products, 
the kinematic acceptance for the RS graviton resonances is lower 
than that of scalar resonances. For mX < 1 TeV the difference is ap-
proximately 20%. The two acceptances are similar for mX > 3 TeV.

The event selection procedure described above is the same as 
the one documented in [11]. It was finalized on the basis of stud-
ies with simulated signal and background event samples prior to 
inspection of the data in the search region of the diphoton invari-
ant mass distribution, which is defined as mγ γ > 500 GeV.

A total of 6284 (2791) photon pairs are selected in the EBEB 
(EBEE) category. Of these, 461 (800) pairs have an invariant mass 
above 500 GeV. According to simulation, the direct production of 
two photons accounts, respectively, for 90% and 80% of the back-
ground events selected in the EBEB and EBEE categories. This pre-
diction is tested in data using the method described in Ref. [44]
and good agreement is found between data and simulation.

The diphoton invariant mass distribution of the selected events 
is shown in Fig. 1, for both the EBEB and EBEE categories. We per-
form an independent maximum likelihood fit to the data in each 
category using the function

f (mγ γ ) = m
a+b log(mγ γ )
γ γ . (1)

This parametric form is chosen to model the background in the 
hypothesis tests discussed below. The results of the fits are shown 
in Fig. 1.

5. Likelihood fit

A simultaneous fit to the invariant mass spectra of events in 
the EBEB and EBEE event categories is performed to determine 
the compatibility of the data with the background-only and the 
signal+background hypotheses. The test statistic is based on the 
profile likelihood ratio:

q(µ) = −2 log
L(µS + B| ˆ⃗θµ)

L(µ̂S + B| ˆ⃗θ)
, (2)

where S and B represent the probability density functions for 
resonant diphoton production and for the SM background, respec-
tively. The parameter µ is the so-called signal strength, while θ⃗
represents the nuisance parameters of the model, used to account 
for systematic uncertainties. The θ̂ notation indicates the best fit 
value of the parameter θ for any µ value, while θ̂µ denotes the 
best fit value of θ for a fixed value µ.

Fig. 1. The observed invariant mass spectra mγ γ for selected events in the (top) 
EBEB and (bottom) EBEE categories. There are no selected events with mγ γ >

2000 GeV. The solid lines and the shaded bands show the results of likelihood fits 
to the data together with the associated 1 and 2 standard deviation statistical un-
certainty bands. The ratio of the difference between the data and the fit to the 
statistical uncertainty in the data is given in the lower plots.

To set upper limits on the rate of resonant diphoton production, 
the modified frequentist method known as CLs [45,46] is used, fol-
lowing the prescription described in Ref. [47]. The compatibility of 
the observation with the background-only hypothesis is evaluated 
by computing the background-only p-value. The latter is defined as 
the probability, in the background-only hypothesis, for q(0) to ex-
ceed the value observed in data. This quantity, the “local p-value” 
p0, does not take into account the fact that many signal hypothe-
ses are tested.

Asymptotic formulas [48] are used in the calculations of ex-
clusion limits and local p-values. The accuracy of the asymptotic 
approximation in the estimation of exclusion limits and signifi-
cance is studied, using pseudo-experiments, for a subset of the 
hypothesis tests and is found to be about 10%.

The signal shape in mγ γ is determined from the convolu-
tion of the intrinsic shape of the resonance and the CMS detec-
tor response to photons. The intrinsic shape is taken from the
pythia 8.2 generator. A grid of mass points with 125 GeV spac-
ing, in the range 500–4500 GeV, is used. The resulting shapes 
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❖ Combination of 16.2 fb-1 @ 13 TeV  
with 19.7 fb-1 @ 8 TeV


• No significant excess


❖ Limits set on S=0 and S=2 production, for three widths


• M(GRS) > 1.95/3.85/4.45 TeV for k = 0.01/0.1/0.2 

14

Limits on S=0 and S=2 Resonances
The CMS Collaboration / Physics Letters B 767 (2017) 147–170 153

Fig. 7. Observed background-only p-values for resonances with (upper) !X/mX = 1.4 × 10−4 and (lower) 5.6 × 10−2 as a function of the resonance mass mX, from the 
combined analysis of the 8 and 13 TeV data. The results obtained for the two individual center-of-mass energies are also shown. The curves corresponding to the scalar and 
RS graviton hypotheses are shown in left and right columns, respectively. The insets show an expanded region around mX = 750 GeV.

13 TeV, corresponding to an integrated luminosity of 12.9 fb−1. 
Events containing two photon candidates with transverse momenta 
above 75 GeV are selected. The diphoton mass spectrum above 
500 GeV is examined for evidence of the production of high-mass 
spin-0 and spin-2 resonances.

Limits on the production of scalar resonances and Randall–
Sundrum gravitons in the range 0.5 < mX < 4.5 TeV and 1.4 ×
10−4 < !X/mX < 5.6 × 10−2 are determined using the modi-
fied frequentist approach, where mX and !X are the resonance 
mass and width, respectively. The results obtained with the 2016 
data set are combined statistically with those obtained in 2012 
and 2015, corresponding to integrated luminosities of 19.7 and 
3.3 fb−1 of data recorded at 

√
s = 8 and 13 TeV, respectively.

No significant excess is observed above the predictions of the 
standard model. Using the leading-order cross sections, Randall–
Sundrum gravitons with masses below 3.85 and 4.45 TeV are ex-
cluded for values of the dimensionless coupling parameter k̃ = 0.1
and 0.2, respectively. For k̃ = 0.01, graviton masses below 1.95 TeV 
are excluded, except for the region between 1.75 and 1.85 TeV. 
These are the most stringent limits on Randall–Sundrum graviton 
production to date.
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Fig. 5. Observed background-only p-values for resonances with (upper) !X/mX = 1.4 × 10−4 and (lower) 5.6 × 10−2 as a function of the resonance mass mX, from the 
combined analysis of data recorded in 2015 and 2016. The results obtained for the two individual data sets are also shown. The curves corresponding to the scalar and RS 
graviton hypotheses are shown in left and right columns, respectively. The insets show an expanded region around mX = 750 GeV.

10% and 20% at the high and low end of the mX search region, 
respectively. Using the LO cross sections from pythia 8.2, RS gravi-
tons with masses below 3.85 and 4.45 TeV are excluded for k̃ = 0.1
and 0.2, respectively. For k̃ = 0.01, graviton masses below 1.95 TeV 
are excluded, except for the region between 1.75 and 1.85 TeV.

The observed p0 for !X/mX = 1.4 × 10−4 and 5.6 × 10−2 ob-
tained with the combined analysis of the 2015 and 2016 data is 
shown in Fig. 5. The largest excess is observed for mX ≈ 1.3 TeV
and has a local significance of about 2.2 standard deviations, cor-
responding to less than 1 standard deviation after accounting for 
the effect of searching for several signal hypotheses. For mX =
750 GeV, the 2.9 standard deviation local significance excess ob-
served in the 2015 data is reduced to 0.8 standard deviations.

The observed and expected 95% CL upper limits on the 13 TeV 
signal production cross sections obtained through a combined 
analysis of the 8 TeV data from 2012 and the 13 TeV data from 
2015 and 2016 are shown in Fig. 6. Compared to the combined 
13 TeV data, the analysis sensitivity improves by about 10% at the 
low end of the mX range, while the improvement is negligible at 
the higher end of the range. Thus the lower limits on the mass of 
RS gravitons obtained by combining the 8 and 13 TeV data coin-
cide with those obtained with the 13 TeV data alone.

The observed p0 for !X/mX = 1.4 × 10−4 and 5.6 × 10−2 ob-
tained with the combined 8 and 13 TeV analysis is shown in Fig. 7. 
The largest excess, observed for mX ≈ 0.9 TeV, has a local signifi-
cance of about 2.2 standard deviations, corresponding to less than 
1 standard deviation overall. For mX = 750 GeV, the excess with 
3.4 standard deviation local significance [11] is reduced to about 
1.9 standard deviations.

9. Summary

A search for the resonant production of high-mass photon pairs 
has been presented. The analysis is based on a sample of proton–
proton collisions collected by the CMS experiment in 2016 at 

√
s =

Fig. 6. The 95% CL upper limits on the production of diphoton resonances as a func-
tion of the resonance mass mX, from the combined analysis of the 8 and 13 TeV 
data. The 8 TeV results are scaled by the ratio of the 8 to 13 TeV cross sections. Ex-
clusion limits for the scalar and RS graviton signals are given by the grey (darker) 
and green (lighter) curves, respectively. The observed limits are shown by the solid 
lines, while the median expected limits are given by the dashed lines together with 
their associated 1 standard deviation uncertainty bands. The leading-order produc-
tion cross section for diphoton resonances in the RS graviton model is shown for 
three values of the dimensionless coupling parameter k̃ together with the exclusion 
upper limits calculated for the corresponding three values of the width relative to 
the mass, !X/mX. Shown are the results for (upper) a narrow width, (middle) an 
intermediate-width, and (lower) a broad resonance.

~
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Similar results 
from ATLAS

https://cdsweb.cern.ch/record/2206154/files/ATLAS-CONF-2016-059.pdf
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❖ Conceptually similar to diphoton search, sensitive also to S=1


❖ Leptonic channel


• High resolution, low backgrounds, low signal BR


• Two categories: eeγ and µµγ


❖ Hadronic channel 


• Lower resolution, higher backgrounds, higher signal BR


• Boosted Z: large-cone (0.8) jets, pruning, substructure (τ21)


• Three categories: b-tagged, and 2 bins in τ21

15

Search for (Zγ) Resonances

b-tagging based 
on pruned sub-jets

CMS-PAS-EXO-17-005
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❖ Leptonic channels dominant at low mass, hadronic important at high mass 


❖ Background shape parametrized with  f(x) = x a + b log(x)

16

Zγ Mass Spectra

NEW

eeγ Channel µµγ Channel Hadronic τ21 Channel

CMS-PAS-EXO-17-005
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❖ Leptonic (hadronic) channel setting limits  
for M(X) > 350 (650) GeV (narrow resonance)


• Also limits on wide resonances (not shown here)


❖ No significant excess up to 4 TeV
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Limits on Zγ Resonances
6.3 Combination of the ``g and Jg channels 13
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Figure 6: Observed (solid) and expected (dashed) 95% C.L. exclusion limits on s(A ! Zg) as a
function of signal mass, together with the 68% (green) and 95% (yellow) ranges of expectation
in the background-only hypothesis, for the combination of the b-tagged, tau21, and anti-tau21
categories with (a) the narrow-width scenario and (b) the wide-width scenario.
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Figure 7: Left: Observed and expected limits on the product of the cross section at
p

s = 13 TeV
and branching fraction B(X ! Zg) for the production of a narrow spin-0 resonance, obtained
from the combination of the 13 TeV analyses in hadronic and leptonic [15] decay channels of
the Z boson, assuming a gluon fusion production mechanism. Right: Observed and expected
limits for broad spin-0 resonance.
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Figure 6: Observed (solid) and expected (dashed) 95% C.L. exclusion limits on s(A ! Zg) as a
function of signal mass, together with the 68% (green) and 95% (yellow) ranges of expectation
in the background-only hypothesis, for the combination of the b-tagged, tau21, and anti-tau21
categories with (a) the narrow-width scenario and (b) the wide-width scenario.
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Figure 7: Left: Observed and expected limits on the product of the cross section at
p

s = 13 TeV
and branching fraction B(X ! Zg) for the production of a narrow spin-0 resonance, obtained
from the combination of the 13 TeV analyses in hadronic and leptonic [15] decay channels of
the Z boson, assuming a gluon fusion production mechanism. Right: Observed and expected
limits for broad spin-0 resonance.
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Figure 4: Observed (solid) and expected (dashed) 95% C.L. exclusion limits on s(A ! Zg) as a
function of signal mass, together with the 68% (green) and 95% (yellow) ranges of expectation
in the background-only hypothesis, for the combination of the e+e�g and µ+µ�g channels
with (a) the narrow-width scenario and (b) the wide-width scenario.

Leptonic Search (ee+µµ) Hadronic Search (3 cat) Leptonic+Hadronic Combination
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ATLAS (3.2 fb-1):  
UL = 30 fb @ 900 GeV

http://www.sciencedirect.com/science/article/pii/S0370269316306669
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❖ Resonances in leptons and photons: tools for discoveries


• Discovered W,Z,H bosons


❖ ATLAS and CMS pursuing these searches at LHC Run II


• Up to 36 fb-1 of data scrutinized


• Extending reach to the energy frontier 

❖ Presented latest searches in lepton+MET, dilepton, diphoton, and Z+photon


• No significant excess yet


• Significantly extended previous limits
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