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Outline
✦LHC Performance

✦Run 2 searches


๏Low-hanging fruit (blue slopes)

๏Not-so-low-hanging fruit (red slopes)

๏High-hanging fruit (black slopes)

๏Out-of-reach fruit (experts only)


✦Conclusions: hanging in there...


✦ Disclaimer: I'll mainly focus on the most recent results - either preliminary or recently 
submitted


✦ For the full exotica searches landscape in ATLAS and CMS, see:

๏ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/

index.html

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/

index.html
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2016 Data Taking
✦ About 40/fb has been delivered by the LHC in 2016, 

exceeding the integrated luminosity accumulated in 
all years before 2016 and expectations

✦ Thank you, the LHC, for a spectacular year!
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Excellent Detector Performance
✦ The ATLAS and CMS detector have been working spectacularly with 

virtually no degradation in performance over the 3 years of Run 1 and 2 
years of Run 2


๏ In some cases,  
temporary losses  
in performance were  
recovered

5

CMS Status in  
June 2016 (%)



Run 1  
Excesses
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Run 1 Excesses
✦ Very few statistically interesting excesses remained after 

Run 1

๏ A slight excess in the H(𝛕μ) search (CMS saw about 2.4σ 

excess, while ATLAS was consistent with both zero and CMS)

๏ A ~2.5σ  excess in CMS 1st generation LQ search in both eejj 

and eνjj channels seen for the 650 GeV LQ mass hypothesis

๏ A ~3σ  ATLAS on-Z excess in the OS dilepton search (SUSY 

"edge" search)

๏ A 2-3σ excess in the VV mass spectrum at ~2 TeV in both 

ATLAS and CMS

✦ Most of those were not confirmed with 2015 13 TeV data, 

including the diboson one

✦ Large data sets collected in 2016 would allow to ultimately 

test those

7
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Old Hints for New Physics?
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Figure 7: The HT (top) and jet multiplicity (bottom) distributions for the electron (left) and muon (right) channel
in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss

T ) > 0.4. All uncertainties are included in the
hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the HT distributions,
the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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Figure 7: The HT (top) and jet multiplicity (bottom) distributions for the electron (left) and muon (right) channel
in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss

T ) > 0.4. All uncertainties are included in the
hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the HT distributions,
the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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Figure 12: The expected and observed exclusion limits at 95% CL on the first (left) and second
(right) generation scalar LQ hypothesis in the b versus LQ mass plane using the central value
of signal cross section for the individual ``jj and `njj channels and their combination. The
expected limits and uncertainty bands represent the median expected limits and the 68% and
95% confidence intervals. Solid lines represent the observed limits in each channel, and dashed
lines represent the expected limits.

the NLO K-factors for scalar LQ pair production vs. vector LQ pair production are expected
to be very similar to the analogous ratios for single LQ production, which have recently been
published [79]. Therefore, the limits we obtain by applying the scalar LQ K-factors to the
vector LQ LO theoretical curves to obtain predictions for the NLO cross sections are expected
to be conservative. The distributions of the kinematic variables for scalar and vector LQs are
sufficiently similar that the same event selections and final optimization thresholds can be used
for both analyses. It is found that the cross section limits determined using the MC scenario
agree within uncertainties with the YM, MM, and AM coupling scenarios. Thus, it is sufficient
to overlay the theoretical cross section curves for all vector LQ scenarios with the limit curve
calculated using the MC scenario.

Figure 13 shows the experimental limits along with the four theoretical vector LQ cross sections
for the eejj (enjj) channel for b = 1 (0.5). The experimental results yield a 95% CL upper limit
exclusion of masses less than 1470 (1360) GeV assuming YM couplings, 1270 (1160) GeV for the
MC couplings scenario, 1660 (1560) GeV for the MM couplings scenario, and 1150 (1050) GeV
for the AM scenario. The increased energy and luminosity of the LHC results in considerably
improved limits compared to the ones determined by the D0 experiment at the Tevatron [35],
which excluded leptoquark masses less than 340 (315) GeV for the case of YM couplings.

Experimental limits along with the four theoretical vector LQ cross sections for the µµjj (µnjj)
channel for b = 1 (0.5) are shown in Fig. 14 on the left (right). In the µµjj (µnjj) channel, the
experimental results yield a 95% CL upper limit exclusion of masses less than 1530 (1280) GeV
assuming YM couplings, 1330 (1070) GeV for the MC scenario, 1720 (1480) GeV for the MM
couplings scenario, and 1200 (980) GeV for the AM couplings scenario. These are the most
stringent limits to date on second-generation vector LQ production.

The data have also been compared with an RPV SUSY model described in Ref. [80]. This
model predicts light top squarks that decay to a lepton and quark through an R-parity violat-
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection, (c) after tagging with the ZZ selection, and (d) for events passing any of
the three tagging selections. The significance shown in the inset for each bin is the di↵erence between the data
and the fit in units of the uncertainty on this di↵erence. The significance with respect to the maximum-likelihood
expectation is displayed in red, and the significance when taking the uncertainties on the fit parameters into account
is shown in blue. The spectra in the three signal regions are compared to the signals expected for an EGM W 0 with
mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

The dijet mass distributions after all three tagging selections are well-described by the background model
over the entire mass range explored, with the exception of a few bins near m j j = 2 TeV which contain
more events than predicted by the background model. Approximately 20% of the events selected by
either the WW, WZ, or ZZ selection are shared among all three signal regions. The fraction of events
common to the WZ and the WW or the WZ and the ZZ selections are 49% and 43% respectively. After
requiring that m j j > 1.75 TeV, 5 out of 25 events are common to all three signal regions. The statistical
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Figure 8: Expected and observed 95% CL limits on the production cross section as a function
of the resonance mass for (upper left) GRS ! WW resonances, (upper right) GRS ! ZZ res-
onances, (bottom left) Gbulk ! WW resonances, and (bottom right) Gbulk ! ZZ resonances,
compared to the predicted cross sections.

With no evidence for a peak on top of the smoothly falling background, lower limits are set at
the 95% confidence level on masses of excited quark resonances decaying into qW and qZ at
3.2 and 2.9 TeV, respectively. Randall–Sundrum gravitons GRS decaying into WW are excluded
up to 1.2 TeV, and W0 bosons decaying into WZ, for masses less than 1.7 TeV. For the first time
mass limits are set on W0 ! WZ and GRS ! WW in the all-jets final state. The mass limits on
q⇤ ! qW, q⇤ ! qZ, W0 ! WZ, GRS ! WW are the most stringent to date. A model with
a “bulk” graviton Gbulk that decays into WW or ZZ bosons is also studied, but no mass limits
could be set due to the small predicted cross sections.
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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VV Excess Gone?
✦ Analysis of the first 13 TeV data did not confirm the 

VV excess, neither in ATLAS, nor in CMS

9
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for a narrow-width scalar resonance, as a function of its mass, combining the WW and ZZ decay modes.

and that the ratio of the expected cross-section limit to the theoretical cross-section improves by a factor
two for triplet masses of 2 TeV.

19

ATLAS arXiv:1606.04833

CMS arXiv:1612.09159
7.2 Model-independent limits 19
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of a narrow-width resonance decaying to a pair of vector bosons for different signal
hypotheses. In the upper plots, limits are set in the context of a spin-1 neutral Z0 (left) and
charged W0 (right) resonances, and compared with the prediction of the HVT Models A and
B. In the lower left plot, limits are set in the same model under the triplet hypothesis (W0 and
Z0). In the lower right plot, limits are set in the context of a bulk graviton with k/MPl = 0.5
and compared with the prediction. For Gbulk, Z0 and triplet signals (W’ signal) with masses
<0.8 TeV (<0.75 TeV), the limits are obtained from the low-mass `n+jet channel, while for the
higher masses they are obtained from the high-mass `n+jet and dijet channels.

To avoid the dependence on assumptions in the construction of the separate categories, we
perform a simplified analysis, reducing the event classification to two (`n+jet) and one (dijet)
categories, respectively. This is done by eliminating the low-purity categories and combining
the jet mass categories in the analyses. The loss in performance is very small for a large range
of masses. The effect of dropping the LP category is observed only at very high masses, where
the upper limit on the cross section becomes less stringent.

2015

2015

2015

2015

2015
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Z' Searches
✦ Analyses based on full (ATLAS) and partial (CMS) 2016 

data

๏ Use standard techniques well-tested in earlier reincarnations 

of the analyses

๏ Limits on sequential Z' reached ~4-4.5 TeV

11
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10.1 Z0 Cross-section and Mass Limits

Upper limits on the cross-section times branching ratio (�B) for Z0 bosons are presented in Fig. 4. The
observed and expected lower pole mass limits for various Z0 scenarios are summarised in Table 5. The
upper limits on �B for Z0 bosons start to weaken above a pole mass of ⇠ 3.5 TeV. This is mainly due to
the combined e↵ect of a rapidly-falling signal cross-section as the kinematic limit is approached, with an
increasing proportion of the signal being produced o↵-shell in the low-mass tail, and the natural width of
the resonance. The e↵ect is more pronounced in the dimuon channel due to worse mass resolution than
in the dielectron channel. The selection e�ciency also starts to slowly decrease at very high pole masses,
but this is a sub-dominant e↵ect.

 [TeV]Z’M
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 B
 [

p
b

]
σ

-510

-410

-310

-210

-110

1 Expected limit

σ 1±Expected 

σ 2±Expected 

Observed limit

SSMZ’

χZ’

ψZ’

 PreliminaryATLAS

 ll→Z’ 

-1 = 13 TeV, 36.1 fbs

Figure 4: Upper 95% CL limits on the Z0 production cross-section times branching ratio to two leptons of a single
flavour as a function of Z0 pole mass (MZ 0 ). Results are shown for the combined dilepton channel. The signal theory
predictions are calculated with Pythia 8 using the NNPDF23LO PDF set [37], and corrected to next-to-next-to-
leading order in QCD using VRAP [29] and the CT14NNLO PDF set [30]. The signal theoretical uncertainties are
shown as a band on the Z0

SSM theory line for illustration purposes, but are not included in the �B limit calculation.

Table 5: Observed and expected 95% CL lower mass limits for various Z0 gauge boson models, quoted to the
nearest 100 GeV. The widths are quoted as a percentage of the resonance mass.

Model Width [%] ✓E6 [Rad]
Lower limits on mZ 0 [TeV]

ee µµ ``
Obs Exp Obs Exp Obs Exp

Z0
SSM 3.0 - 4.3 4.3 4.0 3.9 4.5 4.5
Z0
� 1.2 0.50 ⇡ 3.9 3.9 3.6 3.6 4.1 4.0

Z0
S 1.2 0.63 ⇡ 3.9 3.8 3.6 3.5 4.0 4.0

Z0
I 1.1 0.71 ⇡ 3.8 3.8 3.5 3.4 4.0 3.9

Z0
⌘ 0.6 0.21 ⇡ 3.7 3.7 3.4 3.3 3.9 3.8

Z0
N 0.6 -0.08 ⇡ 3.6 3.6 3.4 3.3 3.8 3.8

Z0
 0.5 0 ⇡ 3.6 3.6 3.3 3.2 3.8 3.7

17
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More Interpretations
✦ Limits as a function of cu/cd couplings last done in Run 1, but time is 

ripe to do this in Run 2!

✦ The results can also be interpreted as limits on quark-lepton 

compositeness and reach 25-40 TeV, which is a factor of two 
improvement compared to Run 1 limits

12
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Figure 7: Lower limits on the energy scale ⇤ at 95% CL, for the Contact Interaction model with constructive (const)
and destructive (dest) interference, and all considered helicities with left (L) and right (R) handed couplings. Results
are shown for the combined dilepton channel.

Table 7: Observed and expected 95% CL lower limits on ⇤ for the LL, LR, RL, and RR chiral coupling scenarios,
for both the constructive (const.) and destructive (destr.) interference cases using a uniform positive prior in 1/⇤2

or 1/⇤4. The dielectron, dimuon, and combined dilepton channel limits are shown, rounded to the nearest 100 GeV.

Channel Prior
Lower limits on ⇤ [TeV]

Left-Left Left-Right Right-Left Right-Right
Const. Destr. Const. Destr. Const. Destr. Const. Destr.

Obs: ee 1/⇤2 36.9 24.0 33.0 26.1 32.8 26.3 32.6 26.3
Exp: ee 28.0 21.5 25.8 22.6 25.7 22.7 25.4 22.5
Obs: ee 1/⇤4 31.7 22.3 28.9 24.0 28.6 24.1 28.7 24.1
Exp: ee 25.7 19.9 23.9 21.2 23.8 21.2 23.6 21.0

Obs: µµ 1/⇤2 29.8 20.3 27.8 22.0 27.5 22.4 27.5 20.4
Exp: µµ 26.1 19.6 24.4 21.2 24.3 21.0 24.2 19.7
Obs: µµ 1/⇤4 26.7 18.9 25.1 20.7 25.0 20.9 24.9 19.0
Exp: µµ 23.8 18.4 22.5 19.7 22.4 19.8 22.2 18.4

Obs: `` 1/⇤2 40.1 25.4 35.7 27.5 35.1 27.5 35.2 27.7
Exp: `` 30.9 22.7 28.2 23.8 28.0 24.0 28.3 23.5
Obs: `` 1/⇤4 35.2 23.5 31.8 25.1 31.5 25.3 31.4 25.2
Exp: `` 28.4 21.1 26.3 22.4 26.2 22.5 26.0 22.0
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W' Searches
✦ Analyses based on 2016 (ATLAS) and 2015 (CMS) data


๏ Use standard techniques well-tested in earlier 
reincarnations of the analyses


๏ Limits on sequential W' reach ~4-5 TeV

13

6.3 Model-independent cross section limits 9
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miss
T

+Eµe,
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Figure 5: Expected and observed 95% CL limits for the combination of the electron and muon
decay channels. The expected (observed) limit is displayed as a dashed (solid) line and the
associated inner (outer) bands represent the one (two) standard deviation (s.d.) uncertainties.
The SSM W0 NNLO cross section is displayed as a function of M(W0).

W0 masses below 2.2 TeV, the higher integrated luminosity data set from the 8 TeV Run still
makes the biggest contribution to the sensitivity. Considering both data sets, SSM W0 bosons
with masses less than 3.7 (3.9) TeV are excluded in the electron (muon) channel. Combining
both final state channels using the data at both center-of-mass energies the production of SSM
W0 bosons with masses below 4.1 TeV is excluded at 95%CL.

6.3 Model-independent cross section limits

A cross section limit that is independent of the MT dependence expected in any given model is
determined by performing a single-bin counting experiment in a transverse mass range above
a threshold, denoted Mmin

T . The results for the electron and muon channels are shown in Fig. 7
along with the combination. Values of the product of cross section and branching fractions
above the solid curve are excluded. The observed cross section limit includes the fiducial ac-
ceptance, A, defined by the lepton geometrical acceptance and the offline pT thresholds (Sec-
tion 4), as well as detector effects and kinematic selection (back-to-back topology), denoted as
e. Both quantities are evaluated relative to events generated with a transverse mass above the
Mmin

T threshold. The fiducial acceptance for very massive SSM W’ bosons is of the order of 1,
since the products of their decay are mainly emitted at very high angles relative to the beam
direction.

In order to compare a specific new model to the given cross section limits, the effect of the
threshold Mmin

T on the signal acceptance has to be taken into account by determining the ratio
( fMT) of the number of events with MT > Mmin

T to the number of events generated. For the
MT range shown in Fig. 7 the reconstruction efficiency is constant and the impact of the MT
resolution effect is negligible. Therefore fMT can be evaluated at generator level. For lower
MT a very small (<1%) difference is expected because of the single lepton trigger threshold
(130 GeV for electrons, 50 GeV for muons).

A limit on the product of the cross section and branching fraction (s B A e)excl can be obtained

2015

CMS arXiv:1612.09274ATLAS CONF-2017-016

2016
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Luminosity Scaling
✦ Factor of 10 in luminosity brings about 1 TeV in 

sensitivity

๏ Still another ~TeV in reach before HL-LHC!

14

ATLAS CONF-2017-027 ATLAS CONF-2017-016
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Z'/W' in τ channels
✦ Could also do the same search in τ channels, in case of 

preferential coupling to third generation

๏ Still using SSM as a convenient benchmark, set limits 

around 2 TeV on Z' and 3 TeV on W', exceeding Run 1 limits

15
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Figure 2: 95% CL upper limits on the product of the cross section times branching fraction into
t lepton pairs as a function of Z0

SSM mass for (a) tµth, (b) teth, (c) tetµ, (d) thth final states, and
(e) their combined 95% CL upper limits.

8 9 Summary
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Figure 6: Left: Limits on the product of cross section and branching fraction into tn for a SSM
W0 boson. The solid line shows the limit observed with 2.3 fb�1 of data while the dashed line
corresponds to the expected limit. The shaded bands indicate the 68% and 95% confidence
intervals of the expected limit. The dotted and the long-dashed lines show the cross section
prediction in the SSM as a function of the W0 boson mass, at NNLO and LO, respectively.
Right: The limit is now represented as cross section ratio sexcl./stheo.. built from the expected
theoretical cross section for a SSM W0 and the observed excluded cross section from this mea-
surement. For the result from the 2015 data, the expected and observed limits from the left plot
are shown in red. In comparison the expected and observed 95% CL limit from the 2012 data is
shown in blue [2]

The multibin approach assumes a certain signal shape in MT. However, new physics processes
yielding a tau+Emiss

T final state could cause an excess of a different shape. To be independent
from specific models, a single-bin approach compares the number of observed events above a
sliding MT threshold, denoted Mmin

T , with the SM expectation for this MT range. The resulting
cross section limit as a function of Mmin

T is shown in Fig. 7. The reconstruction efficiency is
estimated to be about 48% for W0 events satisfying the condition MT > Mmin

T . It may be noted
that the fraction of the signal that satisfies the Mmin

T requirement depends on the particular
model, and is mass-dependent. The reconstruction efficiency has an uncertainty corresponding
to that of a typical W0-like signal at different Mmin

T thresholds. For a W0 with a mass of 3 TeV
the efficiency, including all acceptance and reconstruction factors, is 34% of the total W0 ! tn
process, where only events with a hadronic tau decay t ! thn contribute. For the full tau
decay this corresponds to 23%. This mass corresponds to the typical W0-like signal. This allows
a reinterpretation in various models by evaluating the signal efficiency, #signal, for the Mmin

T
threshold, defined as the number of events in the signal region with MT > Mmin

T divided by
the total number of generated events: #signal = NMT>Mmin

T
/Ntotal.

9 Summary
In summary, we have performed a search for new physics in final states with a tau decaying
hadronically and missing transverse energy. The data sample was collected with the CMS de-
tector in proton-proton collisions at

p
s = 13 TeV and corresponds to an integrated luminosity

of 2.3 fb�1. No significant excess beyond the SM expectation is observed in the transverse mass
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10 7 Results
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Figure 3: 95% C.L. upper limit on the W0 boson production cross section separately in the
electron (top) and muon (bottom) channels for right-handed W0. W0 boson masses for which
the theoretical cross section (in red and/or blue) exceeds the observed upper limit (in solid
black) are excluded at 95% C.L. The green and yellow bands represent the ± 1 and 2 standard
deviation uncertainties on the expected limit, respectively.
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Figure 4: 95% C.L. upper limit on the W0 boson production cross section for right-handed
W0. W0 boson masses for which the theoretical cross section (in red and/or blue) exceeds the
observed upper limit (in solid black) are excluded at 95% C.L. The green and yellow bands
represent the ± 1 and 2 standard deviation uncertainties on the expected limit, respectively.

mass distributions for a W0 boson with arbitrary aL and aR couplings.

It should be noted that in the case that the W0 couples exclusively to right-handed fermions, this
equation reduces to the sum of SM s-channel tb and W0

R production as expected. For pure W0
L

or W0
LR production the equation reduces to the cross section of the respective sample, which is

generated already including SM s-channel tb production and interference with W0 production.

We scan over the aL and aR plane in 0.1 steps from 0 to 1 to produce cross section limits for
arbitrary combinations of aL and aR. For each point in the scan we calculate the expected and

W'R(tb) Search
✦ Can also search for W' in the semileptonic decay channel of the 

top quark decay

๏ Limits on W'R are set up to 3.6 TeV, depending on the right-handed 

neutrino mass

16

CMS PAS B2G-17-010

2016

11

observed 95% CL upper limits on the cross section using the same method described above.
Figure 5 shows the excluded W0 boson mass for each (aL,aR) point, in addition to an interpola-
tion between points to create smooth contours of equivalent signal mass limits.

Figure 5: Expected (left) and observed (right) limits on the W0 signal mass as function of the
left-handed (aL) and right-handed (aR) couplings. Black lines represent contours of equal mass.

8 Summary
We have performed a search for a heavy W0 boson resonance decaying to a top and a bottom
quark in lepton + jets final states in data collected at

p
s = 13 TeV by the CMS detector in

2016. The integrated luminosity of the data set analyzed is 35.9 fb�1. We observe no evidence
for the production of a W0 boson, and 95% upper limits on s(pp ! W0

R)⇥ B(W0
R ! tb) are

determined as a function of the W0
R boson mass. The observed (expected) 95% confidence level

upper limit is 3.4 (3.3) TeV if MW 0
R
� MnR and 3.6 (3.5) TeV if MW 0

R
< MnR . Exclusion limits

are also presented for W0 bosons with varied left- and right-handed couplings to fermions for
the first time at

p
s = 13 TeV. These results represent the most stringent limit to date in the tb

decay channel.

2016
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Dijet Resonance Searches
✦ Standard search to do at any new energy


๏ Recent additions to the dijet search portfolio:

✤ Scouting (trigger-level) analysis based on low-threshold 

triggers writing only very limited information about the event

17
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Dijet Resonance Searches
✦ Standard search to do at any new energy


๏ Recent additions to the dijet search portfolio:

✤ Scouting (trigger-level) analysis based on low-threshold 

triggers writing only very limited information about the event
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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Generic Resonance Limit
✦ N.B. Gaussian resonance shape (ATLAS) gives artificially 

stronger limits compared to BW resonances due to large lower 
tail from PDFs

18
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Figure 5: The 95% CL upper limits obtained from the dijet invariant mass mj j distribution on cross-section times
acceptance times branching ratio to two jets, � ⇥ A ⇥ BR, for a hypothetical signal with a cross-section �G that
produces a Gaussian contribution to the particle-level mj j distribution, as a function of the mean of the Gaussian
mass distribution mG. Observed limits are obtained for five di↵erent widths, from a narrow width to 15% of mG.
The expected limit and the corresponding ±1� and ±2� bands are also indicated for a narrow-width resonance.
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Figure 3: The observed 95% CL upper limits on the product of the cross section, branch-
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onances. Limits are compared to predicted cross sections for string resonances [20, 21], ex-
cited quarks [26, 27], axigluons [23], colorons [25], scalar diquarks [22], color-octet scalars [28],
new gauge bosons W0 and Z0 with SM-like couplings [29], dark matter mediators for mDM =
1 GeV [30, 31], and RS gravitons [32].
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Dijets: Convenient Language
✦ For many applications, it's convenient to express limits in terms 

of a Z'B like object with a coupling gB to a baryon number 
[Dobrescu, Yu, arXiv:1306.2629] given by                   , αB = gB2/4π 

✦ The decay width:
✦ Parameterize everything as a function of gq = gB/6

19

gB
6
Z 0
Bµq̄�

µq

6

allowed, but U can decay via renormalizable in-

teractions only if there is at least one additional

field (e.g., a scalar S which is a SM gauge sin-

glet, has U(1)B charge 0, and interacts through

ūRULS).

The D=U and D=7U+3 models are identical

for z = −1/(2n). In this case, a second scalar

φ′, of U(1)B charge 1/3 − 1/(2n), is necessary

to allow Q, U , and D decays through q̄LQRφ′,

ūRULφ′ and d̄RDLφ′, respectively.

The choice of vectorlike fermions shown in Ta-

ble I is simple but not unique. For example,

anomaly cancellation in the presence of vector-

like leptons instead of quarks is also possible [38].

A fourth generation of chiral quarks and leptons

can also lead to the cancellation of the U(1)B

anomalies [39], but this possibility is nearly ruled

out [36] now by the measurements of Higgs pro-

duction through gluon fusion [40], and by direct

searches for t′ [41] and b′ [42] quarks at the LHC.

The couplings of the Z ′
B to SM quarks are

given by

gB
6
Z ′
Bµ qγ

µq , (6)

where gB is the U(1)B gauge coupling (using the

normalization where the group generator is 1/2),

and is related to the coupling constant, as usual,

by αB = g2B/(4π). The Z ′
B can decay into a pair

of jets (including b jets) or into a tt̄ pair (for a

Z ′
B mass MZ′

B
> 2mt), with partial decay widths

given by

Γ
(

Z ′
B→ jj

)

=
5αB

36
MZ′

B

(

1 +
αs

π

)

,
(7)

Γ(Z ′
B→ tt̄)

Γ
(

Z ′
B→ jj

) =
1

5

(

1−
4m2

t

M2

Z′
B

)1/2[

1+O

(

αsmt

MZ′
B

)]

.

Here we have included the NLO QCD corrections

and no electroweak corrections. If the decays into

vectorlike quarks are kinematically closed, then

the total width of Z ′
B is

ΓZ′
B
= Γ

(

Z ′
B → jj

)

+ Γ
(

Z ′
B → tt̄

)

. (8)

B. Coloron

Another hypothetical particle that can easily

produce dijet resonances with large cross section

at the LHC is the coloron [32], a spin-1 color-

octet gauge boson. The coloron, in the case of

flavor-universal couplings [33], is not significantly

constrained by flavor processes nor by other low

energy data. Furthermore, the coloron is auto-

matically leptophobic.

The simplest gauge symmetry that can be as-

sociated with a heavy color-octet vector boson is

SU(3)1×SU(3)2 [43]. This is spontaneously bro-

ken down to the diagonal SU(3)c gauge group,

which is identified with the QCD one. A min-

imal renormalizable extension of the SM which

includes a coloron, dubbed ReCoM, is analyzed

in Ref. [34]. Assuming that all the SM quarks

transform as (3, 1) under SU(3)1 × SU(3)2, the

couplings of the coloron to SM quarks are given
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Figure 4: The 95% CL exclusion limits for the Z0 model described in the text, as a function of the coupling to
quarks, gq, and the mass, mZ0 , obtained from the dijet invariant mass mj j distribution. For a given mass, the cross-
sections rise with gq, and thus the upper left unfilled area is excluded, as indicated by the direction of the hatched
band. The exclusion applies up to gq = 0.5, in the sensitivity range of the method as explained in the text. Points
were simulated with 0.5 TeV spacing in mass and spacing as fine as 0.05 in gq. A smooth curve is drawn between
points by interpolating in g2

q followed by an interpolation in mZ0 .
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Angular Dijet Analysis
✦ Using the 𝛘 variable:


✦ ADD: MPl > 7.9-11.2 TeV

✦ Compositeness:  
Λ > 11.5-14.4 TeV


✦ MQBH > 5.3-7.8 TeV

20  [TeV]Λ
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Figure 6: Ratio �/�th of the observed and expected 95% CL upper limits on the cross-section in the contact inter-
action model to the predicted cross-section as a function of the compositeness scale ⇤, for constructive (top) and
destructive (bottom) interference with QCD processes. The⇤ regions for which the observed and expected 95% CL
lines are below the line at 1.0 represent the observed and expected exclusion regions, respectively. The numerical
values of the observed and expected limits are summarized in Table 2.
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energy scale uncertainty, with an impact of at most 15% at high m j j values, for the raw distribution before
the fit is performed. The uncertainty in the jet energy resolution has negligible impact. The theoretical
uncertainties and the total uncertainties are displayed as shaded bands around the prediction in Figure 2,
where theoretical uncertainties can be seen to dominate.

The compatibility of the � distribution in data with the SM prediction and with the BSM signals dis-
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Figure 2: Reconstructed distributions of the dijet angular variable � in di↵erent regions of the dijet invariant mass
mj j for events with |y⇤| < 1.7, |yB| < 1.1, and pT > 440 (60) GeV for the leading (subleading) jet. The data (points),
Pythia predictions with NLO and electroweak corrections applied (solid lines), and examples of the contact interac-
tion (CI) signals discussed in the text (dashed lines) are shown. The theoretical uncertainties and the total theoretical
and experimental uncertainties in the predictions are displayed as shaded bands around the SM prediction. The SM
background prediction and corresponding systematic uncertainty bands are extracted from the best-fit to the data.
Data and predictions are normalized to unity in each mj j bin.
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Figure 2: Normalized cdijet distributions for 2.6 fb�1 of integrated luminosity in the highest
three mass bins. The corrected distributions in data are compared to NLO predictions with
non-perturbative corrections (black dotted line). The vertical bar on each data point represents
statistical and systematic experimental uncertainties combined in quadrature. The horizontal
bar indicates the bin width. Theoretical uncertainties are indicated by the gray band. Also
shown are the predictions for various QBH, CI, and ADD models.
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6 Angular analysis

Di↵erences between the rapidities of two jets are invariant under Lorentz boosts along the z-axis, hence
the following function of the rapidity di↵erence y⇤,

� = e2|y⇤ | ⇠ 1 + cos ✓⇤

1 � cos ✓⇤
,

is the same in the detector frame as in the partonic center-of-mass frame. The variable � is constructed
such that, in the limit of massless parton scattering and when only t-channel scattering contributes to the
partonic cross-section, the angular distribution dN/d� is approximately independent of � [68].

In the center-of-mass frame, the two partons have rapidity ±y⇤. A momentum imbalance between the
two incident partons boosts the center-of-mass frame of the collision with respect to the laboratory frame
along the z direction by

yB = ln (xi/x j) = (y1 + y2)/2,

where yB is the rapidity of the boosted center-of-mass frame, xi and x j are the fractions of the proton
momentum (Bjorken x) carried by each incident parton, and y1 and y2 are the rapidities of the outgoing
partons in the detector frame. The measured shapes of the observed dN/d� distributions di↵er from the
parton-level distributions because the observed ones convolve the parton-level distributions with non-
uniform parton momentum distributions in xi and x j, and also contain some admixture of non-t-channel
processes. Restricting the range of the two-parton invariant mass and placing an upper bound on yB
reduces these di↵erences.

The dN/d� (angular) distributions of events with |y⇤| < 1.7 and |yB| < 1.1 are analyzed for contributions
from BSM signals. The data with m j j < 2.5 TeV are discarded to remove trigger ine�ciencies which
otherwise arise due to the loosened y⇤ selection compared to the resonance analysis. The dataset is then
analyzed by fitting to it a Pythia MC sample acting as an SM template as explained below. This sample
is simulated as described in Section 4, including the aforementioned corrections. Figure 2 shows the
angular distributions of the data in di↵erent m j j ranges starting from 3.4 TeV, the SM prediction for the
shape of the angular distributions after it is fit to data, and examples of the signals described in Section 7.
In the statistical analysis, MC simulation is normalized to data; in Figure 2 both the MC simulation and
the data are normalized to unit integral in each m j j range for clarity of display.

Theoretical uncertainties in simulations of the angular distributions from QCD processes are estimated as
described in Ref. [23].4 The e↵ect of varying the choice of PDF sets on the multijet prediction is estimated
using NLOJET++ with three di↵erent PDF sets: CT10 [69], MSTW2008 [70] and NNPDF2.3 [46]. As
the choice of PDF mainly a↵ects the total cross-section rather than the shape of the � distributions, these
uncertainties are negligible (< 1%) in this analysis. The uncertainty due to the choice of renormalization
and factorization scales is estimated using NLOJET++ by varying each one independently up and down
by a factor of two. The resulting uncertainties, taken as the variations in the normalized � distributions,
depend on both m j j and � and rise to 12% (8%) for the renormalization (factorization) scale, at the
smallest � values and high m j j values. The statistical uncertainty in the simulated NLO corrections is
less than 1%. The dominant experimental uncertainty in the predictions of the � distributions is the jet

4 Uncertainties in electroweak corrections are not yet available and so are not included.
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Trijets/jj𝛄 as a Dijet Proxy
✦ Another way to look for low-mass dijets is 

to use photon or jet ISR to aid triggering 
and utilize jet substructure techniques to 
reconstruct boosted Z'


✦ Allows to lower the dijet  
mass reach to ~100 GeV,  
as demonstrated with the  
W/Z peak observation in CMS

22

CMS PAS EXO-16-030
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Figure 6: Final inputs to the statistical interpretation for a Z’ mass of 135 GeV (top) and 200 GeV
(bottom). The QCD background prediction, including uncertainties, is shown in the blue boxes
while the sum of the SM processes is shown in the blue line. Contributions from the W, Z, and
Z’ are given as well. In the bottom panel, the ratio of the data to the background prediction,
including uncertainties, is shown.
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ATLAS Coupling Limits
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✦ Limits on the coupling qg from various searches:
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✦ CMS search for tt resonances with 2015 data in the 
semileptonic and all-hadronic final states, using jet substructure

๏ Limits on Z' with Γ/M = 0.1 at 3.9 TeV are set, as well as limits as a 

function of the width

๏ Also limits on gKK at 3.3 TeV are set @ 95% CL
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Figure 6: Observed and expected upper limits at 95% CL on the product of the production
cross section and branching fractions for the full combination of the analysis results, shown as
function of the resonance mass. Limits are set using four extensions to the SM : (upper left) a Z0

boson with G/M of 1%, (upper right) a Z0 boson with G/M of 10%, (lower left) a Z0 boson with
G/M of 30% and (lower right) a KK excitation of a gluon in the RS model. The corresponding
theoretical prediction as a function of the resonance mass is shown as a dot-dashed curve.

depleted of tt events. No excess above the standard model expectation is observed, and limits
were set on the production cross sections of Z0 bosons and RS gluons, for signal models with
varying widths. For some signal models, previous limits are eclipsed, excluding Z0 bosons with
masses up to 3.3 (3.8) TeV, for Z0 relative widths of 10% (30%) of their masses.

Searches for tt Resonances
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Figure 7: Expected and observed limits presented as a function of width, for MZ0 = 1, 2, 3,
4 TeV. The corresponding theoretical prediction as a function of width is shown as a dot-dashed
curve in each case.

Table 6: Expected and observed cross section limits at 95% CL, for the 1% width Z0 resonance
hypothesis.

Mass [TeV] Observed limits [pb] Expected limits [pb]
�2s �1s Median +1s +2s

0.5 77.7 32.1 50 88.2 153 229
0.75 7.14 2.93 4.33 6.14 8.81 12.7
1.0 1.8 0.746 1.04 1.47 2.15 3.01
1.25 1.14 0.264 0.377 0.534 0.778 1.16
1.5 0.239 0.145 0.202 0.291 0.425 0.617
2.0 0.104 0.0568 0.08 0.117 0.17 0.235
2.5 0.0464 0.0314 0.0443 0.0614 0.09 0.132
3.0 0.0462 0.0244 0.033 0.0469 0.0708 0.0992
3.5 0.0248 0.0192 0.0257 0.036 0.0554 0.0813
4.0 0.0224 0.0163 0.022 0.0318 0.0488 0.0749

2015
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Pair-Produced Dijet Resonances
✦ ATLAS search for RPV top squark pair 

production with 4 jets and jjbb, and an 
analogous CMS 4-jet search

25
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Figure 1: Diagrams depicting the direct pair-production of top squarks through strong interactions, with decays into
a d- and an s-quarks (left) or to a b- and an s-quark (right) through the � 00 R-parity violating couplings, indicated
by the blue dots.

5 Object reconstruction

Candidate jets are reconstructed from three-dimensional topological energy clusters [68] in the calorimeter
using the anti-kt jet algorithm [69] with a radius parameter of 0.4. Each topological cluster is calibrated to
the electromagnetic scale response prior to jet reconstruction. The reconstructed jets are then calibrated to
the particle level by the application of a jet energy scale (JES) calibration derived from simulation and in
situ corrections based on 13 TeV data [70–72]. The TightBad cleaning quality criteria [73] are imposed
to identify jets arising from non-collision sources or detector noise. Any event containing at least one jet
failing quality requirements with pT > 20 GeV is removed.

Jets containing b-hadrons (b-jets) are tagged by a multivariate algorithm (MV2c10) using information
about the impact parameters of inner detector tracks associated to the jet, the presence of displaced sec-
ondary vertices, and the reconstructed flight paths of b- and c-hadrons inside the jet [74]. A working point
with a 77% e�ciency, as determined in a simulated sample of tt̄ events, was chosen. The corresponding
rejection factors against jets originating from c-quarks and from light-quarks or gluons are 4.5 and 130,
respectively [75].

6 Event Selection

Each event is required to have a reconstructed primary vertex consistent in location with the beamspot
envelope, with at least two associated tracks with pT > 400 MeV. If more than one such vertex is found,
the vertex with the largest

P
p2

T of the associated tracks is chosen.

The final state under consideration consists of four jets forming two pairs, originating from a pair of equal
mass resonances. After the trigger requirement, only events with at least four reconstructed jets with
pT > 120 GeV and |⌘ | < 2.4 are retained in the analysis.
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Figure 9: The 95% CL upper limit on the � ⇥ BR compared to the theoretical cross-section for the direct pair-
production of top squark with decays into (a) q̄q̄0 or (b) b̄s̄ and (c) high mass colorons decaying into qq and sgluons
decaying into gg. The dashed black and solid red lines show the 95% CL expected and observed limits respectively,
including all uncertainties except the theoretical signal cross-section uncertainty. The solid yellow (green) band
around the expected limit shows the ±1� (±2�) uncertainties around this limit. The shaded coloured cross-section
band indicates the ±1� variations due to theoretical uncertainties on the signal production cross-section given by
renormalisation and factorisation scale and PDF uncertainties.
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Pair-Produced VLQ Searches
✦ Classical T pair production searches:


๏ T2/3 pair production, with T → bW, tZ, tH (semileptonic final states 
with multiple b tags); also tt+heavy flavors


๏ T5/3 pair production, with T → tW (SS dileptons)

✦ Limits exceed similar ones set in Run 1 by ~250 GeV
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Figure 6: Expected and observed 95 % CL upper limit on the cross-section times branching ratio for VLQ T pair
production as a function of the T mass for BR (T ! Zt) = 100 % (top) and for branching ratios according to the
singlet model (bottom left) and the doublet model (bottom right). Contributions from the X or B quark in the
(X5/3,T ) or (T, B) doublet models are neglected, leading to very conservative limits. The thickness of the theory
curve represents the theoretical uncertainty from PDFs, scale and the strong coupling constant ↵S .
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Figure 7: Expected (left) and observed (right) 95 % CL lower limit on the VLQ T mass as a function of the decay
branching ratios into W b and Ht. The markers indicate the branching ratios in the singlet and doublet models for
masses above about 0.8 TeV, where they are approximately independent of the VLQ T mass.
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Pair-Produced VLQ Searches
✦ Classical T pair production searches:


๏ T2/3 pair production, with T → bW, tZ, tH (semileptonic final states 
with multiple b tags); also tt+heavy flavors


๏ T5/3 pair production, with T → tW (SS dileptons)

✦ Limits exceed similar ones set in Run 1 by ~250 GeV

26

CMS PAS B2G-16-019

 [GeV]Tm
800 1000 1200 1400

BR
 [p

b]
×
σ

2−10

1−10

1 Observed limit
Expected limit

σ 1 ±
σ 2 ±
 productionTT

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Limit at 95% CL

)=100%Zt→TBR(

 [GeV]Tm
600 800 1000 1200 1400

BR
 [p

b]
×
σ

2−10

1−10

1

10
Observed limit
Expected limit

σ 1 ±
σ 2 ±
 productionTT

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Limit at 95% CL

SU(2) singlet

 [GeV]Tm
800 1000 1200 1400

BR
 [p

b]
×
σ

2−10

1−10

1 Observed limit
Expected limit

σ 1 ±
σ 2 ±
 productionTT

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Limit at 95% CL

SU(2) doublet
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Figure 19: (a) Observed and (b) expected limit (95% CL) on the mass of the T quark in the plane of BR(T ! Ht)
versus BR(T ! W b) for the combination of the 1-lepton and 0-lepton searches. Contour lines are provided to guide
the eye.

upper limit on the production cross section can be translated into an observed (expected) limit on the free
parameter of the model |C4t |/⇤2 < 2.9 TeV�2 (3.0 TeV�2).

In the context of the 2UED/RPP model, the observed and expected upper limits on the production cross
section times branching ratio are shown in Figure 20 as a function of mKK for the symmetric case
(⇠ = R4/R5 = 1), assuming production by tier (1,1) alone. The comparison to the LO theoretical cross
section translates into an observed (expected) 95% CL limit on mKK of 1.6 TeV (1.5 TeV).

The current results improve the expected cross section limits obtained by the previous ATLAS analysis
based on 3.2 fb�1 of data [24] by factors in the range of ⇠1.6–2.2, depending on the benchmark scenario
considered for tt̄tt̄ production.

10.4. Limits on associated heavy Higgs boson production

Using the 1-lepton search, 95% CL upper limits on the associated heavy Higgs boson production cross
sections times branching ratios are derived for the three signal processes studied, bbH (! tt), ttH (! tt),
and tbH±(! tb), considering only one signal at a time. As mentioned before, the upper limits on
bbH (! tt) and ttH (! tt) production can be applied to bbA(! tt) and tt A(! tt) production respectively,
since there are no significant di�erences in the kinematic distributions at the reconstructed level. The
limits are derived under the assumption that only a single signal process at a time contributes in the
signal regions, which makes these limits conservative. Stronger limits would be obtained if simultaneous
contributions from four mass-degenerate states (H , A, and H±) had been considered.

Figure 21 shows the observed and expected upper limits on �(pp ! bb̄H) ⇥ BR(H ! tt̄) as a function
of the heavy Higgs boson mass mH , and they are compared to benchmark theoretical predictions within a
Type-I and Type-II 2HDM. In both cases, the obtained limits are more than one order of magnitude above
the largest predictions in the alignment limit (cos(� � ↵) = 0), which correspond to tan � values of about
0.1 and 5 respectively. The limited sensitivity of this search is due to the small signal acceptance, since
often at least one of the associated b-quarks is not reconstructed and/or b-tagged.
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Pair-Produced VLQ Searches
✦ Classical T pair production searches:


๏ T2/3 pair production, with T → bW, tZ, tH (semileptonic final states 
with multiple b tags); also tt+heavy flavors


๏ T5/3 pair production, with T → tW (SS dileptons)

✦ Limits exceed similar ones set in Run 1 by ~250 GeV
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Figure 6: Expected and observed 95 % CL upper limit on the cross-section times branching ratio for VLQ T pair
production as a function of the T mass for BR (T ! Zt) = 100 % (top) and for branching ratios according to the
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curve represents the theoretical uncertainty from PDFs, scale and the strong coupling constant ↵S .
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Figure 19: (a) Observed and (b) expected limit (95% CL) on the mass of the T quark in the plane of BR(T ! Ht)
versus BR(T ! W b) for the combination of the 1-lepton and 0-lepton searches. Contour lines are provided to guide
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upper limit on the production cross section can be translated into an observed (expected) limit on the free
parameter of the model |C4t |/⇤2 < 2.9 TeV�2 (3.0 TeV�2).

In the context of the 2UED/RPP model, the observed and expected upper limits on the production cross
section times branching ratio are shown in Figure 20 as a function of mKK for the symmetric case
(⇠ = R4/R5 = 1), assuming production by tier (1,1) alone. The comparison to the LO theoretical cross
section translates into an observed (expected) 95% CL limit on mKK of 1.6 TeV (1.5 TeV).

The current results improve the expected cross section limits obtained by the previous ATLAS analysis
based on 3.2 fb�1 of data [24] by factors in the range of ⇠1.6–2.2, depending on the benchmark scenario
considered for tt̄tt̄ production.

10.4. Limits on associated heavy Higgs boson production

Using the 1-lepton search, 95% CL upper limits on the associated heavy Higgs boson production cross
sections times branching ratios are derived for the three signal processes studied, bbH (! tt), ttH (! tt),
and tbH±(! tb), considering only one signal at a time. As mentioned before, the upper limits on
bbH (! tt) and ttH (! tt) production can be applied to bbA(! tt) and tt A(! tt) production respectively,
since there are no significant di�erences in the kinematic distributions at the reconstructed level. The
limits are derived under the assumption that only a single signal process at a time contributes in the
signal regions, which makes these limits conservative. Stronger limits would be obtained if simultaneous
contributions from four mass-degenerate states (H , A, and H±) had been considered.

Figure 21 shows the observed and expected upper limits on �(pp ! bb̄H) ⇥ BR(H ! tt̄) as a function
of the heavy Higgs boson mass mH , and they are compared to benchmark theoretical predictions within a
Type-I and Type-II 2HDM. In both cases, the obtained limits are more than one order of magnitude above
the largest predictions in the alignment limit (cos(� � ↵) = 0), which correspond to tan � values of about
0.1 and 5 respectively. The limited sensitivity of this search is due to the small signal acceptance, since
often at least one of the associated b-quarks is not reconstructed and/or b-tagged.
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the theoretical prediction of the NLO production cross-section from Ref. [16] for a coupling of
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Single VLQ Production
✦ Several VLQ searches with new data, 

including singly, EW produced VLQs in 
Wb, Zt, Zb channels

๏ Limits are set on the VLQ mass for a fixed 

VLQ-W-b or VLQ-Z-t coupling/width or on 
the coupling as a function of the VLQ mass
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Figure 1: Leading order Feynman diagram for singly produced Y and T quarks.
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Figure 3: The LT + Emiss
T distribution for events with four or more leptons and one OSSF pair

(left), and with four or more leptons and at least two OSSF pairs (right). The total SM back-
ground is shown as a stack of all contributing processes. The predictions for signal models
with mS = 700 GeV (solid line) and mS = 380 GeV (dashed line) (sum of all production and
decay modes) are also shown. The hatched gray band in the upper panel, and the dark and
light gray bands in the lower panel represent the total, statistical, and systematic uncertainties
on the expected background, respectively.
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Figure 4: The 95% confidence level upper limits on the cross section sum for production of
heavy fermion pairs (S0S+, S0S�, or S+S�). In the flavor-democratic scenario, we rule out
heavy fermion pair production for masses below 850 GeV (expected 790 GeV).

Type III Seesaw Search
✦ Search for heavy fermions Σ± and Σ0 in Type III seesaw models


๏ Drell-Yan pair production

๏ Decay: Σ±→W±v, Zl±, Hl±;  
Σ0→W±l∓, Zv, Hv


✦ Consider all 27 final states via multilepton search (3 or more e, μ)
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ground is shown as a stack of all contributing processes. The predictions for signal models
with mS = 700 GeV (solid line) and mS = 380 GeV (dashed line) (sum of all production and
decay modes) are also shown. The hatched gray band in the upper panel, and the dark and
light gray bands in the lower panel represent the total, statistical, and systematic uncertainties
on the expected background, respectively.
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Diboson Searches
✦ Many new physics models predict diboson 

resonances

✦ If an excess is seen in one channel (e.g. γγ), it has to 

be present in coupled channels (ZZ, Zγ, possibly 
WW), and the relative strengths would allow to 
understand the SU(2) structure of the underlying 
theory


✦ Thus searches in VV, Vγ, VH, HH channels are an 
important part of the LHC physics program, and is 
also valuable for SM physics, VBS, and TGC studies


✦ The HH studies are going to ultimately lead to the 
constraints of the Higgs boson self-coupling

30
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Zγ Searches
✦ Two types of searches pursued:


๏ Leptonic search Z(ll)γ - best at low mass

๏ Boosted hadronic search Z("j")γ, w/ 

categorization according to the "j" b tag 
(CMS) - best at high masses (> 1.5 TeV)


๏ A bit of an excess seen around 2 TeV in 2015  
data; not confirmed w/ partial 2016 data
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function of signal mass, together with the 68% (green) and 95% (yellow) ranges of expectation
in the background-only hypothesis. The range 300 < mZg < 2000 GeV is shown.
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cross section times the branching ratio of a narrow scalar boson X decaying to a Z boson and a photon, �(pp !
X) ⇥ BR(X ! Z�), as a function of the boson mass mX . The green and yellow solid bands correspond to the ±1�
and ±2� intervals for the expected upper limit respectively. The limits in the mX ranges of 250–700 GeV and 1.5–
2.75 TeV are obtained from the leptonic and hadronic analyses respectively, while in the range 700 GeV–1.5 TeV
they are obtained from the combination of the two analyses.
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Figure 5: Left: Expected and observed 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 8 and 13 TeV analyses in hadronic and leptonic [15] decay channels
of the Z boson, assuming a gluon fusion production mechanism. Right: expected limits from
the individual and combined analyses, showing the relative contribution of each channel. The
discontinuities are due to the difference in the mass ranges used in the individual searches.

8 Summary

We have presented a search for new spin-0 resonances decaying to a Z boson and a photon,
where the Z boson decays hadronically, in the mass range from 0.65 to 3.0 TeV, using 2012 and
2015 proton-proton collision data at center-of-mass energies of 8 and 13 TeV, respectively. The
search is carried out with two exclusive categories of events, with or without identification of
the Z ! bb decay, and the final result is obtained from the combination of these two categories.
Jet substructure and subjet b tagging techniques are used in order to enhance the sensitivity of
the analysis. No significant deviation from the standard model prediction is found. Results
are presented as upper limits at 95% confidence level on the product of the production cross
section and the branching fraction of the Zg decay channel of a new resonance. The results
of the searches at the two center-of-mass energies are combined assuming the mechanism for
production of a new resonance is gluon fusion. These results are further combined with those of
analogous searches in the leptonic decay channel of the Z boson. The limits set in this analysis
are the most stringent limits to date on Zg resonances in a wide range of masses.
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Zγ Searches
✦ Two types of searches pursued:


๏ Leptonic search Z(ll)γ - best at low mass

๏ Boosted hadronic search Z("j")γ, w/ 

categorization according to the "j" b tag 
(CMS) - best at high masses (> 1.5 TeV)


๏ A bit of an excess seen around 2 TeV in 2015  
data; not confirmed w/ partial 2016 data
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function of signal mass, together with the 68% (green) and 95% (yellow) ranges of expectation
in the background-only hypothesis. The range 300 < mZg < 2000 GeV is shown.
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they are obtained from the combination of the two analyses.
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are found to be consistent with a normal distribution with mean less than 0.5 and width con-
sistent with unity. Thus, we conclude that any possible systematic bias from the choice of the
functional form is small compared to the statistical uncertainty of the fit, and use the latter as
the only uncertainty in the background prediction.

The observed MZg invariant mass distributions in data in the antitagged and b-tagged cate-
gories along with the corresponding fits are shown in Fig. 2, separately for 8 and 13 TeV data.
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Figure 2: Fits to the MZg invariant mass spectra in the search region for the antitagged (left
column) and b-tagged (right column) categories. Upper (lower) row corresponds to 8 (13) TeV
data. The results of the fits to the two categories with the parametric background shape are
shown. The lower panels show the difference between the data and the fit, divided by the
statistical uncertainty in data s stat. For bins with a low number of data entries, the error bars
correspond to the Garwood confidence intervals [52]. The upper error bars for bins with zero
data entries are shown only in the region up to the highest nonzero entry.
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VV All-Hadronic Searches
✦ Searches for WW, WZ, and ZZ resonances


๏ The 2 TeV bump is back, after disappearing for a year
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Figure 5: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of a narrow-width resonance decaying to a pair of vector bosons for different signal
hypotheses. Limits are set in the context of a spin-1 neutral Z0 (left) and charged W0 (right)
resonances resonance, and compared with the prediction of the HVT model B. On the bottom,
limits are set in the context of a bulk graviton decaying into WW (left) and ZZ (right) with k̃ =
0.5 and compared with the model prediction. Signal cross section uncertainties are displayed
as a red checked band.
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of an excited quark resonance decaying into qW (left) or qZ (right). Signal cross
section uncertainties are displayed as a red checked band.
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VV All-Hadronic Searches
✦ Searches for WW, WZ, and ZZ resonances


๏ The 2 TeV bump is back, after disappearing for a year
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of an excited quark resonance decaying into qW (left) or qZ (right). Signal cross
section uncertainties are displayed as a red checked band.
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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VV All-Hadronic (cont'd)
✦ And there is a slight excess in the all-hadronic channel at 2 TeV 

in ATLAS as well

๏ Curiously, both collaborations see it only in the all-hadronic channel
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VV Semileptonic Searches
✦ Most recent CMS WW/WZ search in the 

lνjj channel (jj form a jet w/ substructure) 
and WZ in the lljj channel

๏ No evidence for statistically significant 

excess in the 0.6-4.5 TeV range

๏ See absolutely no excess at 2 TeV with  

1/3 of the full 2016 data set
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Figure 9: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
product of the W’ production cross section and the branching fraction of W’ ! WZ for the
statistical combination of electron and muon channels. The theoretical cross section multiplied
by the relevant branching ratio is shown as a red solid line. The dashed vertical line delineates
the transition between the low and high mass searches.
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VV Semileptonic (cont'd)
✦ ... and neither does ATLAS - the puzzle still stands...
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance atp
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H ! Z Z , (b) VBF H ! Z Z , (c) HVT W 0 ! W Z

and (d) RS graviton G⇤ ! Z Z as functions of the resonance mass. The theoretical predictions for � ⇥ BR as
functions of resonance mass for the HVT model A W 0 and the RS graviton with /MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1� and ±2� uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binned maximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the di�erent models considered.
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and (d) RS graviton G⇤ ! Z Z as functions of the resonance mass. The theoretical predictions for � ⇥ BR as
functions of resonance mass for the HVT model A W 0 and the RS graviton with /MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1� and ±2� uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binned maximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the di�erent models considered.
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Search for Vq Resonances
✦ Could also interpret the all-hadronic search as a 

search for Vq resonances (q*), with limits reaching 5 
TeV

36
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Figure 5: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of a narrow-width resonance decaying to a pair of vector bosons for different signal
hypotheses. Limits are set in the context of a spin-1 neutral Z0 (left) and charged W0 (right)
resonances resonance, and compared with the prediction of the HVT model B. On the bottom,
limits are set in the context of a bulk graviton decaying into WW (left) and ZZ (right) with k̃ =
0.5 and compared with the model prediction. Signal cross section uncertainties are displayed
as a red checked band.
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Figure 6: Observed (black solid) and expected (black dashed) 95% CL upper limits on the
production of an excited quark resonance decaying into qW (left) or qZ (right). Signal cross
section uncertainties are displayed as a red checked band.
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Searches for VH Resonances
✦ One could instead require a b-tagged jet with substructure 

on one side and look for VH resonances

๏ ATLAS sees a ~3.3σ (2.2σ global) bump at ~3 TeV

37
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Figure 4: The observed and expected cross-section upper limits at the 95% confidence level for pp! V 0 ! VH !
qq̄(0)(bb̄ + cc̄) in Model A and Model B in the (left) ZH and (right) WH signal regions. The red and magenta curves
show the predicted cross-sections as a function of resonance mass for the models considered.

resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.
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Searches for VH Resonances
✦ One could instead require a b-tagged jet with substructure 

on one side and look for VH resonances

๏ ATLAS sees a ~3.3σ (2.2σ global) bump at ~3 TeV
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resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.
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Figure 3: The mJJ distributions in the VH 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 V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.

a ⇠ 60% overlap of data between the WH and ZH selections for both the 2-tag and 1-tag signal regions,
and this fraction is approximately constant as a function of mJJ.

8.1 Statistical Analysis

To determine if there are any statistically significant local excesses 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 probability that the background could produce a fluctuation greater than or
equal to the excess observed in data. A global p0 is also calculated for the most significant discrepancy,
using background-only pseudo-experiments to derive a correction for the look-elsewhere e↵ect across the
mass range tested [55]. The largest deviation from the background-only hypothesis is in the ZH signal
region, occurring at mJJ ⇠ 3.0 TeV with a local significance of 3.3 �. The global significance of this
excess is 2.2 �.

The data are used to set upper limits on the cross-sections for the di↵erent benchmark signal processes.
Exclusion limits are computed using the CLs method [56], with a value of µ regarded as excluded at the
95% CL when CLs is less than 5%.
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Figure 3: The mJJ distributions in the VH 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 V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.

a ⇠ 60% overlap of data between the WH and ZH selections for both the 2-tag and 1-tag signal regions,
and this fraction is approximately constant as a function of mJJ.

8.1 Statistical Analysis

To determine if there are any statistically significant local excesses 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 probability that the background could produce a fluctuation greater than or
equal to the excess observed in data. A global p0 is also calculated for the most significant discrepancy,
using background-only pseudo-experiments to derive a correction for the look-elsewhere e↵ect across the
mass range tested [55]. The largest deviation from the background-only hypothesis is in the ZH signal
region, occurring at mJJ ⇠ 3.0 TeV with a local significance of 3.3 �. The global significance of this
excess is 2.2 �.

The data are used to set upper limits on the cross-sections for the di↵erent benchmark signal processes.
Exclusion limits are computed using the CLs method [56], with a value of µ regarded as excluded at the
95% CL when CLs is less than 5%.
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Searches for VH (cont'd)
✦ ...not confirmed by CMS (and neither is the 2.6 TeV 

CMS bump by ATLAS)

๏ Doesn't look like any new physics is hiding in this 

channel

38
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(b) Interpretation in the hMSSM model

Figure 5: (a) : observed and expected 95% CL upper limits on cross section times branching
fraction as a function of the mass of the resonance mS under the hypothesis that its intrinsic
width is negligible with respect to the experimental resolution. (b) : interpretation of the exclu-
sion limit in the context of the hMSSM model, parametrized as a function of the tan b and mA
parameters. In this model, the CP-even lighter scalar is assumed to be the observed 125 GeV
Higgs boson and is denoted as h, while the CP-even heavier scalar is denoted as H. The gray
dotted lines indicate trajectories in the plane corresponding to the same values of mH.

10 6 Results

Figure 6: Expected and observed 95% CL upper limits on Higgs pair production cross section
times branching ratio for hh ! bbVV ! bblnln as a function of mX. These limits are computed
using the asymptotic CLs method, combining the e+e�, µ+µ� and e±µ⌥ channels, for spin-0
(left) and spin-2 (right) hypotheses. The dashed red lines represent possible expectations for
new physics arising from a new spin-0 or spin-2 resonance (see text for details). The irregular
behaviour of the observed limit is due to the limited statistics on data and to the parameterised
learning technique, which results in a reshuffling of the observed data distributions for each
point of the scan. The expected limits are evaluated with the same granularity as the observed
limits. The DNN interpolates the expected analysis performance in a smooth fashion between
the fully-simulated points.

HH Resonance Searches
✦ Two new, low-mass CMS HH resonance searches: in the bb𝛕𝛕 and bbWW 

channels:

๏ bbττ search is performed in 3 channels: τeτh, τeτμ, τhτh; in boosted and resolved 

categories and sets MI limits on a narrow spin-0 resonance

๏ bbWW search is done in the bblνlν channel and interpreted in the narrow spin-0 

and spin-2 resonance models
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Displaced Vertices Search
✦ ATLAS search for long-

lived gluinos via displaced 
tracks 


✦ Benefits from the new IBL 
pixel layer


✦ Limits on gluino mass 
reach ~2.5 TeV

41

1 Introduction

The lack of explanation for the Dark Matter observed in the universe [1], the gauge hierarchy problem [2, 3],
and the lack of exact gauge coupling unification at high energies [4] all indicate that the Standard Model
(SM) is incomplete and needs to be extended. Many attractive extensions of the SM have been proposed,
but decades of searches have set severe constraints on the masses of promptly decaying particles predicted
by these models. Searches targeting the more challenging experimental signatures of new long-lived
particles (LLPs) have therefore become increasingly important and must be pursued at the Large Hadron
Collider (LHC).

A number of beyond-SM (BSM) models predict production of massive particles with lifetimes in the
picoseconds to nanoseconds range. These particles would then decay in the inner tracker volume of the
experiments at the LHC. The decay products of such particles often contain several electrically charged
particles, which can be reconstructed as tracks. If the LLP decays within the tracking volume but at a
discernible distance from the interaction point (IP) of the incoming beams, a displaced vertex can be
reconstructed by using dedicated tracking techniques.

There are various mechanisms by which particles obtain significant lifetimes in BSM theories. The
decays of such particles can be suppressed in so-called Hidden Valley models [5] where large barrier
potentials reduce the rate of kinematically allowed decays. Long-lived particles also appear in models
with small R-parity violating couplings in Supersymmetry (SUSY) [6, 7]. Finally, decays via a highly
virtual intermediate state also result in long lifetimes, as is the case for a simplified model inspired by Split
SUSY [8, 9] used as a benchmark model for the search presented here. In this model, the supersymmetric
partner of the gluon, the gluino (g̃), is kinematically accessible at LHC energies while the corresponding
partner particles of the quarks, the squarks (q̃), have masses that are many orders of magnitude larger.
Figure 1 shows pair-production of gluinos decaying to two quarks and the lightest supersymmetric particle
(LSP), assumed to be the lightest neutralino ( �̃0

1). The g̃ ! qq̄ �̃0
1 decay is suppressed as it proceeds via

a highly virtual squark. Depending on the scale of the squark mass, the gluino lifetime is picoseconds
or longer, which is above the hadronisation time scale. The long-lived gluino, transforming as a colour
octet, is expected to hadronise and form a bound colour singlet state with SM particles known as an
R-hadron [10]. The lifetime of the constituent gluino determines the location of the decay of the R-hadron
which can be detected as a displaced vertex.

This search utilises the ATLAS detector and attempts to reconstruct the decays of massive R-hadrons
as displaced vertices (DVs). The vertex reconstruction employed is sensitive to LLP decays occurring

g̃

g̃

q̃⇤

q̃⇤

p

p

q

�̃0
1

q

q

�̃0
1

q

Figure 1: Diagram showing pair-production of gluinos decaying through g̃ ! qq̄ �̃0
1. In Split SUSY scenarios, the

gluinos are long-lived enough to hadronise to R-hadrons that can give rise to displaced vertices when they decay.
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the (a) x-y plane and (b) R-z plane.

7

Table 2: The observed number of vertices for the control and validation regions are shown along with the background
expectations for the 32.7 fb�1of data. The last row shows the expected and observed signal region event yields.

Selection Sub-Region Estimated Observed
Event pre-selection
ntrk = 3, mDV > 10 GeV 3093

Event pre-selection
ntrk = 4, mDV > 10 GeV

���� 9 ± 2 9
��� 150 ± 60 177

Event pre-selection
ntrk � 5, mDV > 10 GeV

5-tracks 2.2 ± 2.8 1
6-tracks 0.6 ± 0.6 1
�7-tracks 1 ± 3 3

Total 4.2 ± 4.1 5

Full SR selection Total 0.02 ± 0.02 0

final SR yields are highlighted, with 0 events observed (0.02 ± 0.02 expected) in 32.7 fb�1of data from
2016.
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SR Vertex Yield:
 4±185 

ATLAS Preliminary

)=(1400 GeV, 100  GeV, 1 ns)g~τ, 0

1
χ∼

, m
g~

(m

-1= 13 TeV, L = 32.7 fbs

Figure 6: The two-dimensional distribution of mDV and track multiplicity is shown for DVs in events that satisfy
all signal region event selection criteria. Drawn numbers correspond to the observations in data, while the colour-
representation shows an example distribution for an R-hadron signal with (mg̃ , m �̃0

1
, ⌧)=(1400 GeV, 100 GeV, 1 ns)

used as a benchmark in this search. The dashed line represents the boundary of the signal region requirements.

In the absence of a statistically significant excess in the data, exclusion limits are placed on R-hadron
models. These 95% confidence-level (CL) upper limits are calculated using the CLs prescription [69]
with the profile likelihood used as the test statistic, using the HistFitter [70] framework with pseudo-

15
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)SUSY
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Figure 8: Expected and observed upper limits on the gluino mass are shown as a function of the gluino lifetime for
a fixed neutralino mass of 100 GeV. The shaded area indicates the region in which signal e�ciencies are estimated
by an extrapolation from lower masses.

8 Conclusions

A search for massive, long-lived particles giving rise to displaced multi-track vertices was performed with
32.7 fb�1 of pp collisions at

p
s = 13 TeV collected by the ATLAS experiment. The search presented is

sensitive to models predicting events with significant E

miss
T and at least one displaced vertex with five or

more tracks and a visible invariant mass greater than 10 GeV. With an expected background of 0.02±0.02
events, no events in the data sample were observed in the signal region. With results consistent with
the background-only hypothesis, exclusion limits are derived for models predicting the existence of such
particles, reaching roughly mg̃ = 2000 GeV to 2300 GeV for m �̃0

1
= 100 GeV and gluino lifetimes between

0.02 and 10 ns.
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Search for Displaced Jets
✦ CMS search based on dedicated triggers requiring at least two jets with low 

number of prompt tracks

✦ Special MVA displaced jet tagging based on the angular and displacement 

information for the tracks

✦ Signal benchmarks - pair production of top squarks with RPV decays into b 

quarks and leptons and pair-produced resonances decaying to dijets
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Matter Factory

Much more detail 
in Steve Lowette's 
talk tomorrow



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- A

TL
AS

 &
 C

M
S 

Ex
ot

ic
a 

Se
ar

ch
es

 - 
AL

PS
 2

01
7

Dark Matter Interactions
✦ There are three main approaches to detect dark matter (DM):


๏ DM-nucleon scattering (direct detection, or DD)

๏ Indirect detection (annihilation)

๏ Pair production at colliders


✦ All three processes are nothing but topological permutations of one and the same 
Feynman diagram:


๏ But: how to trigger on a pair of DM particles at colliders?

๏ ISR (g, γ, W/Z, H, …) to rescue!


✦ Early DM searches: EFT based

๏ Since then understood the  

fundamental limitations of EFT  
and moved to simplified models


✦ Moving away from EFT allows for a 
more fair LHC vs. DD experiment  
comparison and emphasizes the 
complementarity of the two approaches


๏ arXiv:1507.00966

๏ arXiv:1603.04156

๏ arXiv:1703.05703
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Fundamentally 4D problem!
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11

uncertainty are associated with the backgrounds estimated from simulation. An uncertainty of
6.2% in the integrated luminosity measurement [75] is propagated to the background yields.
The uncertainty in the efficiency of the b-jet veto is estimated to be 6% for the top quark back-
ground and 2% for the diboson background. The uncertainty in the efficiency of the V tagging
requirements is estimated to be 13% in the mono-V category. The uncertainty in the modeling
of Emiss

T in simulation [76] is dominated by the jet energy scale uncertainty, and is estimated to
be 5%.

6 Results and interpretation
Figure 6 shows the Emiss

T distributions in the monojet and mono-V signal regions. The back-
ground prediction is obtained from a combined fit in all the control samples, excluding the
signal region. Data are found to be in agreement with the SM prediction. Tables 1 and 2 show
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Figure 6: Observed Emiss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the background expectations for various SM processes evaluated after perform-
ing a combined fit to the data in all the control samples, but excluding the signal region. The
last bin includes all events with Emiss

T > 1160 (750) GeV for the monojet (mono-V) category.
Expected signal distributions for a 125 GeV Higgs boson decaying exclusively to invisible par-
ticles, and for a 1.6 TeV axial-vector mediator decaying to 1 GeV DM particles, are overlaid. The
ratio of data and the post-fit background prediction is shown for both the monojet and mono-V
signal regions. The gray bands in these ratio plots indicate the post-fit uncertainty in the back-
ground prediction. Finally, the distributions of the pulls, defined as the difference between data
and the post-fit background prediction relative to the post-fit uncertainty in the prediction, are
also shown in the lower panels.

the estimated yields of background processes in the monojet and mono-V signal regions, re-
spectively, along with the observed event yields in the two signal regions. The correlations
between the uncertainties across all the Emiss

T bins in the two signal regions are reported in

CMS Monojet Analysis
✦ The latest Run 2 analysis is built on the Run 1 techniques


๏ Increased number of control regions (added e+jets, ee+jets)

๏ Dropped the resolved mono-V channel, as it doesn't help the 

sensitivity at high mediator masses
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16 6 Results and interpretation
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Figure 10: Expected (dotted black line) and observed (solid black line) 95% CL upper limits on
the signal strength µ as a function of the mediator mass for the spin-0 models. The horizontal
red line denotes µ = 1. Limits for the scalar model on the combined cross section of the mono-
jet and mono-V processes (upper left). Limits for the scalar (upper right) and pseudoscalar
(bottom) models, respectively, assuming only the monojet signal process.
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Figure 10: Expected (dotted black line) and observed (solid black line) 95% CL upper limits on
the signal strength µ as a function of the mediator mass for the spin-0 models. The horizontal
red line denotes µ = 1. Limits for the scalar model on the combined cross section of the mono-
jet and mono-V processes (upper left). Limits for the scalar (upper right) and pseudoscalar
(bottom) models, respectively, assuming only the monojet signal process.

6.2 Invisible decays of the Higgs boson 15

Figure 9: Exclusion limits at 95% CL on signal strength the µ = s/sth in the mmed–mDM plane
assuming scalar (left) and pseudoscalar (right) mediators. The limits are shown for mmed be-
tween 50 and 500 GeV, and mDM between 0 and 300 GeV. While the excluded area is expected
to extend below the minimum value of mmed, the axis does not extend below this value as the
signal simulation was not performed in this region. The red line shows the contour for the ob-
served exclusion. The solid red contours around the observed limit represent one standard de-
viation theoretical uncertainties in the signal cross section. The dashed blue contour in the case
of the scalar mediator shows the �1s deviation due to the combination of the statistical and
experimental systematic uncertainties. Constraints from the Planck satellite experiment [83]
are shown with the dark green contours and associated hatching. The hatched area indicates
the region where the DM density exceeds the observed value.

verse and that this particle only interacts with SM particles through the considered simplified
model [86].

The limits obtained using the simplified DM models may be compared to the results from direct
and indirect DM detection experiments, which are usually expressed as 90% CL upper limits
on the DM-nucleon scattering cross sections. The approach outlined in Refs. [30, 87, 88] is used
to translate the exclusion contours into the mDM vs. sSI/SD plane where sSI/SD are the spin-
independent/spin-dependent DM-nucleon scattering cross sections. These limits are shown in
Fig. 11 for the vector and axial-vector mediators, and in Fig. 12 (left) for the scalar mediator.
When compared to the direct detection experiments, the limits obtained from this search pro-
vide stronger constraints for dark matter masses less than 5, 9 and 550 GeV, assuming vector,
scalar, and axial-vector mediators, respectively. In the case of the pseudoscalar mediator, the
90% CL upper limits are compared in Fig. 12 (right) with the indirect detection results in terms
of the velocity-averaged DM annihilation cross section from the Fermi–LAT Collaboration [89],
and provide stronger constraints for DM masses less than 200 GeV.

6.2 Invisible decays of the Higgs boson

The results of this search are also interpreted in terms of an upper limit on the product of the
cross section and branching fraction B(H ! inv), relative to the predicted cross section (sSM)
of the Higgs boson assuming SM interactions, where the Higgs boson is produced through
gluon fusion (ggH) along with a jet; in association with a vector boson (ZH, WH); or through
vector boson fusion (VBF). The predictions for the Higgs boson production cross section and
the corresponding theoretical uncertainties are taken from the recommendations of the LHC
Higgs cross section working group [100]. If the production cross section of the Higgs boson

14 6 Results and interpretation

cross section, denoted by µ = s/sth, with the CLs method [79, 80], using the asymptotic ap-
proximation [81]. Limits are obtained as a function of the mediator mass, mmed, and the DM
mass, mDM. In the case of the vector, axial-vector and scalar mediators, limits are computed
on the combined cross section due to the monojet and mono-V signal processes. In the case
of the pseudoscalar mediator, limits are computed assuming only the monojet signal process.
The mono-V signal process (Fig. 2, right), in which a pseudoscalar mediator couples directly to
vector bosons, is ill-defined without making additional assumptions [82] and therefore is not
included. Figure 8 shows the exclusion contours in the mmed–mDM plane for the vector and
axial-vector mediators. Mediator masses up to 1.95 TeV and DM masses up to 750 and 550 GeV
are excluded for the vector and axial-vector models, respectively, at 95% CL. Figure 9 shows
the exclusion contours in the mmed–mDM plane for the scalar and pseudoscalar mediators. For
scalar mediators, masses up to 100 GeV and DM masses up to 35 GeV are excluded at 95% CL,
and no exclusion is expected or observed considering only the monojet signal process. Pseu-
doscalar mediator masses up to 430 GeV and DM masses up to 170 GeV are excluded at 95%
CL. Figure 10 shows the limits for the spin-0 models as a function of the mediator mass, as-
suming the DM mass to be 1 GeV. In the case of the scalar mediator limits are computed for the
monojet signal process, and for the combination of the monojet and mono-V signal processes.

Figure 8: Exclusion limits at 95% CL on the signal strength µ = s/sth in the mmed–mDM plane
assuming vector (left) and axial-vector (right) mediators. The limits are shown for mmed be-
tween 150 GeV and 2.5 TeV, and mDM between 50 GeV and 1.2 TeV. While the excluded area is
expected to extend below these minimum values of mmed and mDM, the axes do not extend be-
low these values as the signal simulation was not performed in this region. The solid (dotted)
red (blue) line shows the contour for the observed (expected) exclusion. The solid contours
around the observed limit and the dashed contours around the expected limit represent one
standard deviation theoretical uncertainties in the signal cross section and the combination of
the statistical and experimental systematic uncertainties, respectively. Constraints from the
Planck satellite experiment [83] are shown with the dark green contours and associated hatch-
ing. The hatched area indicates the region where the DM density exceeds the observed value.

Figures 8 and 9 also show the constraints from the observed cosmological relic density of DM
as determined from measurements of the cosmic microwave background by the Planck satellite
experiment [83]. The expected DM abundance is estimated using the thermal freeze-out mech-
anism implemented in the MADDM [84] package, and compared to the observed cold DM
density Wch2 = 0.12 [85], where Wc is the DM relic abundance and h is the Hubble constant,
under the assumption that a single DM particle describes DM interactions in the early uni-

DM Interpretation
46

(Pseudo)scalar limits are a result of ~1σ stat. fluctuation

Fully compliant w/  
LHC DM WG 
[arXiv:1603.04156] 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6.2 Invisible decays of the Higgs boson 17
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Figure 11: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid (dotted) red line shows the contour for the observed
(expected) exclusion in this search. Limits from the CDMSLite [90], LUX [91], PandaX-II [92],
and CRESST-II [93] experiments are shown for the vector mediator. Limits from the PICO-
2L [94], PICO-60 [95], IceCube [96], and Super-Kamiokande [97] experiments are shown for the
axial-vector mediator.
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Figure 12: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for the scalar mediator model
(left). The observed exclusion in this search (red line) is compared to the results from the CDM-
SLite [90], LUX [91], PandaX-II [92], and CRESST-II [93] experiments. For the pseudoscalar
mediator (right), limits are compared to the the velocity-averaged DM annihilation cross sec-
tion upper limits from Fermi–LAT [89]. There are no comparable limits from direct detection
experiments as the scattering cross section between DM particles and SM quarks is suppressed
at nonrelativistic velocities for a pseudoscalar mediator [98, 99].
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Figure 11: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid (dotted) red line shows the contour for the observed
(expected) exclusion in this search. Limits from the CDMSLite [90], LUX [91], PandaX-II [92],
and CRESST-II [93] experiments are shown for the vector mediator. Limits from the PICO-
2L [94], PICO-60 [95], IceCube [96], and Super-Kamiokande [97] experiments are shown for the
axial-vector mediator.
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Figure 12: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for the scalar mediator model
(left). The observed exclusion in this search (red line) is compared to the results from the CDM-
SLite [90], LUX [91], PandaX-II [92], and CRESST-II [93] experiments. For the pseudoscalar
mediator (right), limits are compared to the the velocity-averaged DM annihilation cross sec-
tion upper limits from Fermi–LAT [89]. There are no comparable limits from direct detection
experiments as the scattering cross section between DM particles and SM quarks is suppressed
at nonrelativistic velocities for a pseudoscalar mediator [98, 99].
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Figure 4: The observed and expected 95% CL exclusion contours for a simplified model of dark-matter production
involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� and the mediator mass mmed (upper left). The plane under the limit curve is excluded. The
same is shown for an axial-vector operator with couplings gq = 0.1, g� = 1 and g` = 0.1 (top right), for a vector
operator with couplings gq = 0.25, g� =1 and g` = 0 (bottom left) and for a vector operator with couplings gq = 0.1,
g� = 1 and g` = 0.01 (bottom right). The region on the left is excluded by the perturbative limit which is relevant
for axial-vector mediators [77]. The relic density curve [74, 76] is also shown: at higher mediator masses, the DM
would be overabundant; at lower values, it would be underabundant; for the axial-vector scenario shown in the
upper right figure, the region above the relic density curve at high dark-matter masses is also overabundant.
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Figure 4: The observed and expected 95% CL exclusion contours for a simplified model of dark-matter production
involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� and the mediator mass mmed (upper left). The plane under the limit curve is excluded. The
same is shown for an axial-vector operator with couplings gq = 0.1, g� = 1 and g` = 0.1 (top right), for a vector
operator with couplings gq = 0.25, g� =1 and g` = 0 (bottom left) and for a vector operator with couplings gq = 0.1,
g� = 1 and g` = 0.01 (bottom right). The region on the left is excluded by the perturbative limit which is relevant
for axial-vector mediators [77]. The relic density curve [74, 76] is also shown: at higher mediator masses, the DM
would be overabundant; at lower values, it would be underabundant; for the axial-vector scenario shown in the
upper right figure, the region above the relic density curve at high dark-matter masses is also overabundant.
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Table 5: Observed event yields in 36.1 fb�1 of data compared to expected yields from SM backgrounds in all signal
regions, as predicted from the simultaneous fit to their respective CRs (see text). The first three columns report the
yields obtained from the inclusive-SR fit, while the two last columns report the yields obtained from the multiple-bin
fit. The uncertainty includes both the statistical and systematic uncertainties described in Section 8. The individual
uncertainties can be correlated and do not necessarily add in quadrature to equal the total background uncertainty.
The observed number of events in the four CRs relative to each SR is also shown.

SRI1 SRI2 SRI3 SRE1 SRE2

Observed events 2400 729 236 1671 493

Fitted Background 2600±160 765±59 273±37 1900±140 501±44

Z(! ⌫⌫)� 1600±110 543±54 210±35 1078±89 342±41
W(! `⌫)� 390±24 109±9 33±4 282±22 75±8
Z(! ``)� 35±3 7.8±0.8 2.2±0.4 27±3 5.7±0.7
� + jets 248±80 22±7 5.2±1.0 225±80 17±6
Fake photons from electrons 199±40 47±11 13±3 152±28 34±8
Fake photons from jets 152±22 37±15 9.7+10

�9.7 115±24 27±9

Observed events in 1muCR 1083 343 116 740 227

Observed events in 2muCR 254 86 27 168 59

Observed events in 2eleCR 181 59 21 122 38

Observed events in PhJetCR 5064 5064 5064 5064 5064
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Figure 3: Distribution of Emiss
T (left) and of E�T (right) in the signal regions for data and for the expected total

background; the total background expectation is normalised using the k0-factors derived from the multiple-bin fit.
Overflows are included in the third bin. The error bars are statistical, and the dashed band includes statistical
and systematic uncertainties determined by the fit. The expected yield of events from the simplified model with
m� = 10 GeV and an axial-vector mediator of mass mmed = 700 GeV with gq = 0.25 and g� = 1.0 is stacked on top
of the background prediction. The lower panel shows the ratio of data to expected background event yields.
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Figure 5: The 90% CL exclusion limit on the �–proton scattering cross section in a simplifed model of dark-matter
production involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function
of the dark-matter mass m�. Also shown are results at 90% CL from two direct dark-matter search experiments [78,
79] (left). The 90% CL exclusion limit on the �–nucleon scattering cross section in a simplifed model of dark-matter
production involving a vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� (right); also shown are results at 90% CL from four direct dark-matter search experiments [80–
83].

In the case of the model of ����̄ interactions, lower limits are placed on the e↵ective mass scale M⇤ as
a function of m�, as shown in Figure 6. In this model, which presents a hard Emiss

T spectrum, the signal
events mainly contribute to the Emiss

T > 300 GeV bin. The search excludes model values of M⇤ up to
about 790 GeV, which is a more stringent limit than the one placed in earlier searches [17]. The EFT
description is not always valid at these scales. The e↵ect of the truncation for two representative values of
the EFT coupling, g⇤, is shown in the same figure, assuming that the scale at which the EFT description
becomes invalid (Mcut) is related to M⇤ through Mcut = g⇤M⇤. For the maximal coupling value of 4⇡, the
truncation has almost no e↵ect; for lower coupling values, the exclusion limits are confined to a smaller
area of the parameter space.

The results are also interpreted in terms of a limit on the cross section for the production of a narrow heavy
scalar Z� resonance produced through gluon–gluon fusion. Figure 7 shows the observed and expected
limit at 95% CL on the production cross section of a Z� resonance as a function of its mass. The limit
is produced in exactly the same way as the other signal samples, where an excess of events is sought
in the three exclusive signal regions by using the multiple-bin fit. The heavy resonances are expected
to populate mainly the Emiss

T > 300 GeV signal region as they would have a hard Emiss
T spectrum. The

upper bound on m``� applied in 2eleCR and 2muCR (see Section 6.1) suppresses the contamination from
potential high-mass Z� resonances in these control regions. Limits on such a resonance were also placed
by bump searches in the very sensitive dileptonic channel and the hadronic channel for masses below
and above 1.5 TeV, respectively [84]. Although the Z boson branching ratio to neutrinos is higher than
to charged leptons, the presence of Emiss

T makes the search in this channel much less sensitive than in
the dileptonic channel; the region of interest for the analysis discussed here lies at higher masses, where
it can complement the searches using Z boson hadronic decays whose limits, obtained with 3.2 fb�1,
are reported in the same figure. The observed (expected) limits at 95% CL on the production of a Z�
resonance are 26 fb and 43 fb (32 fb and 58 fb) for masses of 2 and 5 TeV, respectively.
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Figure 4: The observed and expected 95% CL exclusion contours for a simplified model of dark-matter production
involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� and the mediator mass mmed (upper left). The plane under the limit curve is excluded. The
same is shown for an axial-vector operator with couplings gq = 0.1, g� = 1 and g` = 0.1 (top right), for a vector
operator with couplings gq = 0.25, g� =1 and g` = 0 (bottom left) and for a vector operator with couplings gq = 0.1,
g� = 1 and g` = 0.01 (bottom right). The region on the left is excluded by the perturbative limit which is relevant
for axial-vector mediators [77]. The relic density curve [74, 76] is also shown: at higher mediator masses, the DM
would be overabundant; at lower values, it would be underabundant; for the axial-vector scenario shown in the
upper right figure, the region above the relic density curve at high dark-matter masses is also overabundant.
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Figure 4: The observed and expected 95% CL exclusion contours for a simplified model of dark-matter production
involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� and the mediator mass mmed (upper left). The plane under the limit curve is excluded. The
same is shown for an axial-vector operator with couplings gq = 0.1, g� = 1 and g` = 0.1 (top right), for a vector
operator with couplings gq = 0.25, g� =1 and g` = 0 (bottom left) and for a vector operator with couplings gq = 0.1,
g� = 1 and g` = 0.01 (bottom right). The region on the left is excluded by the perturbative limit which is relevant
for axial-vector mediators [77]. The relic density curve [74, 76] is also shown: at higher mediator masses, the DM
would be overabundant; at lower values, it would be underabundant; for the axial-vector scenario shown in the
upper right figure, the region above the relic density curve at high dark-matter masses is also overabundant.
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Table 5: Observed event yields in 36.1 fb�1 of data compared to expected yields from SM backgrounds in all signal
regions, as predicted from the simultaneous fit to their respective CRs (see text). The first three columns report the
yields obtained from the inclusive-SR fit, while the two last columns report the yields obtained from the multiple-bin
fit. The uncertainty includes both the statistical and systematic uncertainties described in Section 8. The individual
uncertainties can be correlated and do not necessarily add in quadrature to equal the total background uncertainty.
The observed number of events in the four CRs relative to each SR is also shown.

SRI1 SRI2 SRI3 SRE1 SRE2

Observed events 2400 729 236 1671 493

Fitted Background 2600±160 765±59 273±37 1900±140 501±44

Z(! ⌫⌫)� 1600±110 543±54 210±35 1078±89 342±41
W(! `⌫)� 390±24 109±9 33±4 282±22 75±8
Z(! ``)� 35±3 7.8±0.8 2.2±0.4 27±3 5.7±0.7
� + jets 248±80 22±7 5.2±1.0 225±80 17±6
Fake photons from electrons 199±40 47±11 13±3 152±28 34±8
Fake photons from jets 152±22 37±15 9.7+10

�9.7 115±24 27±9

Observed events in 1muCR 1083 343 116 740 227

Observed events in 2muCR 254 86 27 168 59

Observed events in 2eleCR 181 59 21 122 38

Observed events in PhJetCR 5064 5064 5064 5064 5064
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Figure 3: Distribution of Emiss
T (left) and of E�T (right) in the signal regions for data and for the expected total

background; the total background expectation is normalised using the k0-factors derived from the multiple-bin fit.
Overflows are included in the third bin. The error bars are statistical, and the dashed band includes statistical
and systematic uncertainties determined by the fit. The expected yield of events from the simplified model with
m� = 10 GeV and an axial-vector mediator of mass mmed = 700 GeV with gq = 0.25 and g� = 1.0 is stacked on top
of the background prediction. The lower panel shows the ratio of data to expected background event yields.
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Figure 5: The 90% CL exclusion limit on the �–proton scattering cross section in a simplifed model of dark-matter
production involving an axial-vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function
of the dark-matter mass m�. Also shown are results at 90% CL from two direct dark-matter search experiments [78,
79] (left). The 90% CL exclusion limit on the �–nucleon scattering cross section in a simplifed model of dark-matter
production involving a vector operator, Dirac DM and couplings gq = 0.25, g� = 1 and g` = 0 as a function of the
dark-matter mass m� (right); also shown are results at 90% CL from four direct dark-matter search experiments [80–
83].

In the case of the model of ����̄ interactions, lower limits are placed on the e↵ective mass scale M⇤ as
a function of m�, as shown in Figure 6. In this model, which presents a hard Emiss

T spectrum, the signal
events mainly contribute to the Emiss

T > 300 GeV bin. The search excludes model values of M⇤ up to
about 790 GeV, which is a more stringent limit than the one placed in earlier searches [17]. The EFT
description is not always valid at these scales. The e↵ect of the truncation for two representative values of
the EFT coupling, g⇤, is shown in the same figure, assuming that the scale at which the EFT description
becomes invalid (Mcut) is related to M⇤ through Mcut = g⇤M⇤. For the maximal coupling value of 4⇡, the
truncation has almost no e↵ect; for lower coupling values, the exclusion limits are confined to a smaller
area of the parameter space.

The results are also interpreted in terms of a limit on the cross section for the production of a narrow heavy
scalar Z� resonance produced through gluon–gluon fusion. Figure 7 shows the observed and expected
limit at 95% CL on the production cross section of a Z� resonance as a function of its mass. The limit
is produced in exactly the same way as the other signal samples, where an excess of events is sought
in the three exclusive signal regions by using the multiple-bin fit. The heavy resonances are expected
to populate mainly the Emiss

T > 300 GeV signal region as they would have a hard Emiss
T spectrum. The

upper bound on m``� applied in 2eleCR and 2muCR (see Section 6.1) suppresses the contamination from
potential high-mass Z� resonances in these control regions. Limits on such a resonance were also placed
by bump searches in the very sensitive dileptonic channel and the hadronic channel for masses below
and above 1.5 TeV, respectively [84]. Although the Z boson branching ratio to neutrinos is higher than
to charged leptons, the presence of Emiss

T makes the search in this channel much less sensitive than in
the dileptonic channel; the region of interest for the analysis discussed here lies at higher masses, where
it can complement the searches using Z boson hadronic decays whose limits, obtained with 3.2 fb�1,
are reported in the same figure. The observed (expected) limits at 95% CL on the production of a Z�
resonance are 26 fb and 43 fb (32 fb and 58 fb) for masses of 2 and 5 TeV, respectively.
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2 2 CMS detector
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vu + cos a h + sin a H + i cos b A0

◆
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where h and H are neutral CP-even scalars, H± are charged scalars, and A0 is a neutral CP-odd
scalar. In this framework, tan b ⌘ vu/vd, and a is the mixing angle that diagonalizes the h � H
mass squared matrix. The a is assigned to be a = b � p/2, in the limit where the h has SM-like
couplings to fermions and gauge bosons, and tan b � 0.3 as implied from the perturbativity of
the top Yukawa coupling.

The model is described by six parameters, namely, (i) the pseudoscalar mass mA0, (ii) the DM
mass mc, (iii) the Z0 mass mZ0 , (iv) tan b, (v) the Z0 coupling strength gZ0 , and (vi) the coupling
constant between A0 and dark matter particles gc. However, only the masses mA0 and mZ0

affect the kinematic distributions and all the other parameters affect the cross sections and
decay widths only, since the decay widths of A0 and Z0 have a small effect on the kinematics. In
addition, when the A0 is on-shell, i.e. when mA0 > 2mc, the cross section has little dependence
on the mass of dark matter particle mc. We considered a Z0 resonance mass between 600 and
2500 GeV, an A0 mass of 300 GeV, and the mass of the DM particle is set to 100 GeV. The A0

mass below 300 GeV is not considered due to the b ! sg constraints [6]. With the tan b and the
gc fixed at unity, independent of the value of gZ0 , the branching ratio of decays to DM particles
B(A0 ! cc) is ⇡ 100% for an A0 mass of 300 GeV and it starts to decrease as mA0 > 2mt since
the decay of A0 ! tt becomes kinematically accessible. For example, for an A0 mass of 400 GeV,
the B(A0 ! cc) reduces to 54%. The results in this document consider only the decays to DM
particles. The signal model cross section is calculated using the benchmark model parameters
tan b and gc set to 1 and for two different values of gZ0 :

1. the cross section is measured using the constraints from dijet searches and electroweak
precision measurements [4], following:

gZ0  0.03 ⇥ gW
cos qW⇥sin2 b

⇥
p

m2
Z0�m2

Z
mZ

;

2. the cross section is obtained using a fixed coupling value gZ0 = 0.8 as considered in Ref.
[7].

The transverse momentum of the Higgs boson increases with mZ0 . The minimum angular dis-
tance (DR =

p
Dh2 + Df2) between the decay products of the Higgs boson (bb̄) follows the

relation DR ⇡ 2 ⇥ mH/pH, where pH is the momentum of the Higgs boson. The present search
analysis considers mZ0 ranging from 600 to 2500 GeV which implies a very wide range of trans-
verse momentum of the Higgs boson and DR(bb̄). Therefore the analysis is divided into two
regimes: (i) a resolved regime where the Higgs boson gives rise to two separate b jets with a
radius of DR = 0.4, and (ii) a boosted regime where the Higgs boson is reconstructed by one
single jet with a jet radius DR = 0.8. The resolved jet analysis is used for lower Z0 mass values
(600 to 1000 GeV) and the boosted jet analysis is performed for higher Z0 mass values (> 1000
GeV).

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the

Precision EW:

 [GeV]Z'm
500 1000 1500 2000 2500

 [G
eV

]
A

m

300

400

500

600

700

800

900

1000

h
 - 

m
Z'

 =
 m

A

Ki
ne
m
at
ic 
lim

it: 
m

Observed limit
σ1±Expected limit 

-1 = 13 TeV, 3.2 fbs
-1 = 8 TeV, 20.3 fbs

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Mono-h(bb), All limits at 95 % CL
Z'-2HDM simplified model

 = 100 GeV
χ

 = 0.8, m
Z

 = 1, gβtan

H(bb)

ATLAS CONF-2017-028

Dijets: gZ' < 0.8

 [GeV]Z'm
600 800 1000 1200 1400

 [G
eV

]
0 A

m

200

250

300

350

400

450 th
σ/

ob
s

σ
95

%
 C

L 
ob

se
rv

ed
 li

m
it 

on
  

1−10

1

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

), Z'-2HDM, Dirac DMγγmono-H(
 = 100 GeVχm = 0.8, 

Z'
g = 1.0, βtan

 = 1thσ/obsσ
Expected

σExpected + 1 
σExpected - 1 

h
m

 +
 

0
A

m
 =

 
Z'

m

ATLAS CONF-2017-024

H(𝛄𝛄)

2016

2016



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- A

TL
AS

 &
 C

M
S 

Ex
ot

ic
a 

Se
ar

ch
es

 - 
AL

PS
 2

01
7

Mono-Higgs Production
✦ Mono-Higgs analysis in the context of 2HDM and vector mediator

✦ Explore H(bb) (resolved and boosted) and H(γγ) decay modes

49

2 2 CMS detector

Fu =
1p
2

✓
cos b H+

vu + cos a h + sin a H + i cos b A0

◆
,

where h and H are neutral CP-even scalars, H± are charged scalars, and A0 is a neutral CP-odd
scalar. In this framework, tan b ⌘ vu/vd, and a is the mixing angle that diagonalizes the h � H
mass squared matrix. The a is assigned to be a = b � p/2, in the limit where the h has SM-like
couplings to fermions and gauge bosons, and tan b � 0.3 as implied from the perturbativity of
the top Yukawa coupling.

The model is described by six parameters, namely, (i) the pseudoscalar mass mA0, (ii) the DM
mass mc, (iii) the Z0 mass mZ0 , (iv) tan b, (v) the Z0 coupling strength gZ0 , and (vi) the coupling
constant between A0 and dark matter particles gc. However, only the masses mA0 and mZ0

affect the kinematic distributions and all the other parameters affect the cross sections and
decay widths only, since the decay widths of A0 and Z0 have a small effect on the kinematics. In
addition, when the A0 is on-shell, i.e. when mA0 > 2mc, the cross section has little dependence
on the mass of dark matter particle mc. We considered a Z0 resonance mass between 600 and
2500 GeV, an A0 mass of 300 GeV, and the mass of the DM particle is set to 100 GeV. The A0

mass below 300 GeV is not considered due to the b ! sg constraints [6]. With the tan b and the
gc fixed at unity, independent of the value of gZ0 , the branching ratio of decays to DM particles
B(A0 ! cc) is ⇡ 100% for an A0 mass of 300 GeV and it starts to decrease as mA0 > 2mt since
the decay of A0 ! tt becomes kinematically accessible. For example, for an A0 mass of 400 GeV,
the B(A0 ! cc) reduces to 54%. The results in this document consider only the decays to DM
particles. The signal model cross section is calculated using the benchmark model parameters
tan b and gc set to 1 and for two different values of gZ0 :

1. the cross section is measured using the constraints from dijet searches and electroweak
precision measurements [4], following:

gZ0  0.03 ⇥ gW
cos qW⇥sin2 b

⇥
p

m2
Z0�m2

Z
mZ

;

2. the cross section is obtained using a fixed coupling value gZ0 = 0.8 as considered in Ref.
[7].

The transverse momentum of the Higgs boson increases with mZ0 . The minimum angular dis-
tance (DR =

p
Dh2 + Df2) between the decay products of the Higgs boson (bb̄) follows the

relation DR ⇡ 2 ⇥ mH/pH, where pH is the momentum of the Higgs boson. The present search
analysis considers mZ0 ranging from 600 to 2500 GeV which implies a very wide range of trans-
verse momentum of the Higgs boson and DR(bb̄). Therefore the analysis is divided into two
regimes: (i) a resolved regime where the Higgs boson gives rise to two separate b jets with a
radius of DR = 0.4, and (ii) a boosted regime where the Higgs boson is reconstructed by one
single jet with a jet radius DR = 0.8. The resolved jet analysis is used for lower Z0 mass values
(600 to 1000 GeV) and the boosted jet analysis is performed for higher Z0 mass values (> 1000
GeV).

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the
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Figure 9: The expected and observed 95% CL limits on dark matter production cross sections
for h ! bb and h ! gg for mA = 300 GeV (left). The exclusion region is shown for two gZ0

values. The dark green and light yellow bands show the 68% and 95% uncertainties on the
expected limit. The expected and observed 95% CL limits on the signal strength are shown
for mA = 300–800 GeV (right). The theoretical cross section (sth) used for the right hand plot is
calculated using gZ0 = 0.8.
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Figure 10: The observed (expected) 95% CL limit on the signal strength for the h ! bb (left) and
h ! gg (right) decay channels for mA = 300–800 GeV and mA = 600–2500 GeV. The theoretical
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where h and H are neutral CP-even scalars, H± are charged scalars, and A0 is a neutral CP-odd
scalar. In this framework, tan b ⌘ vu/vd, and a is the mixing angle that diagonalizes the h � H
mass squared matrix. The a is assigned to be a = b � p/2, in the limit where the h has SM-like
couplings to fermions and gauge bosons, and tan b � 0.3 as implied from the perturbativity of
the top Yukawa coupling.

The model is described by six parameters, namely, (i) the pseudoscalar mass mA0, (ii) the DM
mass mc, (iii) the Z0 mass mZ0 , (iv) tan b, (v) the Z0 coupling strength gZ0 , and (vi) the coupling
constant between A0 and dark matter particles gc. However, only the masses mA0 and mZ0

affect the kinematic distributions and all the other parameters affect the cross sections and
decay widths only, since the decay widths of A0 and Z0 have a small effect on the kinematics. In
addition, when the A0 is on-shell, i.e. when mA0 > 2mc, the cross section has little dependence
on the mass of dark matter particle mc. We considered a Z0 resonance mass between 600 and
2500 GeV, an A0 mass of 300 GeV, and the mass of the DM particle is set to 100 GeV. The A0

mass below 300 GeV is not considered due to the b ! sg constraints [6]. With the tan b and the
gc fixed at unity, independent of the value of gZ0 , the branching ratio of decays to DM particles
B(A0 ! cc) is ⇡ 100% for an A0 mass of 300 GeV and it starts to decrease as mA0 > 2mt since
the decay of A0 ! tt becomes kinematically accessible. For example, for an A0 mass of 400 GeV,
the B(A0 ! cc) reduces to 54%. The results in this document consider only the decays to DM
particles. The signal model cross section is calculated using the benchmark model parameters
tan b and gc set to 1 and for two different values of gZ0 :

1. the cross section is measured using the constraints from dijet searches and electroweak
precision measurements [4], following:

gZ0  0.03 ⇥ gW
cos qW⇥sin2 b

⇥
p

m2
Z0�m2

Z
mZ

;

2. the cross section is obtained using a fixed coupling value gZ0 = 0.8 as considered in Ref.
[7].

The transverse momentum of the Higgs boson increases with mZ0 . The minimum angular dis-
tance (DR =

p
Dh2 + Df2) between the decay products of the Higgs boson (bb̄) follows the

relation DR ⇡ 2 ⇥ mH/pH, where pH is the momentum of the Higgs boson. The present search
analysis considers mZ0 ranging from 600 to 2500 GeV which implies a very wide range of trans-
verse momentum of the Higgs boson and DR(bb̄). Therefore the analysis is divided into two
regimes: (i) a resolved regime where the Higgs boson gives rise to two separate b jets with a
radius of DR = 0.4, and (ii) a boosted regime where the Higgs boson is reconstructed by one
single jet with a jet radius DR = 0.8. The resolved jet analysis is used for lower Z0 mass values
(600 to 1000 GeV) and the boosted jet analysis is performed for higher Z0 mass values (> 1000
GeV).

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the
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Figure 9: The expected and observed 95% CL limits on dark matter production cross sections
for h ! bb and h ! gg for mA = 300 GeV (left). The exclusion region is shown for two gZ0

values. The dark green and light yellow bands show the 68% and 95% uncertainties on the
expected limit. The expected and observed 95% CL limits on the signal strength are shown
for mA = 300–800 GeV (right). The theoretical cross section (sth) used for the right hand plot is
calculated using gZ0 = 0.8.

0.37 0.17 0.18 0.29 0.35 0.71 1.51 5.34 

11.52 0.72 0.51 0.67 0.79 1.41 2.97 10.27 

3.24 1.16 1.03 1.24 1.87 3.67 12.39 

23.48 2.95 1.66 2.02 2.40 4.35 13.53 

10.49 3.44 1.75 3.04 5.07 14.86 

45.01 8.68 4.58 4.22 6.00 16.55 

 [GeV]Z'm
600 800 1000 1200 1400 1700 2000 2500

 [G
eV

]
A

m

300

400

500

600

700

800

0.37 0.17 0.18 0.29 0.35 0.71 1.51 5.34 

11.52 0.72 0.51 0.67 0.79 1.41 2.97 10.27 

3.24 1.16 1.03 1.24 1.87 3.67 12.39 

23.48 2.95 1.66 2.02 2.40 4.35 13.53 

10.49 3.44 1.75 3.04 5.07 14.86 

45.01 8.68 4.58 4.22 6.00 16.55 

(0.5)

(16.6)

(0.3)

(1.1)

(4.5)

(35.1)

(0.2)

(0.7)

(1.8)

(4.5)

(16.1)

(69.8)

(0.3)

(0.9)

(1.3)

(2.3)

(5.0)

(13.4)

(0.4)

(0.8)

(1.3)

(1.9)

(1.9)

(6.1)

(0.7)

(1.6)

(2.1)

(2.5)

(3.3)

(4.4)

(1.7)

(3.4)

(4.2)

(4.9)

(5.7)

(6.7)

(5.9)

(11.4)

(13.9)

(15.6)

(16.3)

(18.1)

CMS
 (13 TeV)-12.3 fb

)b DM+h(b→Z'
(2HDM)

 [GeV]Z'm
600 800 1000 1200 1400 1700 2000 2500

 [G
eV

]
A

m

300

400

500

600

700

800

th
σ

 / 
95

%
 C

L
σ

1

10

210

310

3.7

39.0

4.8

15.2

41.6

196.7

8.3

20.8

36.6

69.7

166.3

586.6

14.8

33.5

50.6

77.6

121.8

225.1

26.2

55.0

77.0

102.2

141.6

208.4

60.6

120.5

154.3

187.9

232.0

292.0

182.5

340.2

405.1

439.2

479.3

516.7

979.3

1941

2151

2309

2406

2554

(3.9)

(41.3)

(5.1)

(16.0)

(44.0)

(199.4)

(8.8)

(21.9)

(38.8)

(73.8)

(175.4)

(617.6)

(15.7)

(35.4)

(53.4)

(78.8)

(128.7)

(238.7)

(27.8)

(58.4)

(81.8)

(108.3)

(149.7)

(220.0)

(64.4)

(127.8)

(163.9)

(199.9)

(246.3)

(310.0)

(193.0)

(358.6)

(428.4)

(467.4)

(505.0)

(549.5)

(1034)

(1968)

(2281)

(2442)

(2543)

(2689)

CMS
 (13 TeV)-12.3 fb

)γγ DM+h(→Z'
(2HDM)

Figure 10: The observed (expected) 95% CL limit on the signal strength for the h ! bb (left) and
h ! gg (right) decay channels for mA = 300–800 GeV and mA = 600–2500 GeV. The theoretical
cross section is calculated using gZ0 = 0.8. For h ! bb, the results for the resolved analysis are
shown with white background whereas the boosted analysis points are shown in black crossed
background.

CMS arXiv:1703.05236

H(𝛄𝛄)

2015
See William 
Kalderon's talk 
tomorrow night 
for detail
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Search for the Mediator
✦ One doesn’t need to produce DM at the LHC to look 

for a mediator (mass M)

๏ Since it’s coupled to the initial state, one  

could look for dijet decays of the mediator  
by "recycling" the dijet resonance searches


๏ Also possible to recycle dilepton searches if the 
mediator couples to leptons in addition to quarks


๏ gB/gq framework provides a convenient language for 
translation, which should take into account the 
additional decay width from the mediator decay to DM 
particles (mass m), not present in the Z'B framework


๏ For gq = 0.25 one gets:
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Figure 1. The processes considered in this work in terms of visible sector quarks (q, q), DSPs (�, �)
and the on-shell (o↵-shell) mediator particle R (R⇤). The various process are: (a) DM annihilation
which sets the relic abundance, (b) DM scattering in direct detection experiments, (c) monojet
signatures, in this case due to initial state radiation of a gluon, (d) LHC Dijet resonance signatures
purely through mediator-quark couplings and (e) dijet associated production.

in order to avoid overstating the strength of direct detection limits. This approach

leads to a compelling interplay between the di↵erent DM detection techniques and

will lead us to conclude that the LHC monojets, LHC dijets and direct detection

strategies each has a unique foothold in the search for DSPs.

In figure 1 we sketch the setup for a dark sector theory involving a DSP � and a

mediator between the visible sector and the dark sector R, together with the detection

processes considered in this work. We denote the couplings between the mediator and

the visible sector quarks (the DSP) with gq (g�). For the purposes of exploring the broad

phenomenology of this dark sector and the general interplay between the di↵erent probes let

us combine the two couplings into an e↵ective DSP-SM coupling g =
p

gq g� and consider

the e↵ect of varying the coupling g. The local density of DSPs in the Milky Way ⇢ is

proportional to the DSP relic abundance from thermal freeze-out ⌦
DSP

, which scales as

the inverse of the annihilation cross section, i.e. ⇢ / ⌦
DSP

/ g�4. Any cross section

involving interactions between the visible sector and the DSP, such as collider production

and direct detection, will scale as � / g4 [1, 28–31] (assuming an o↵-shell mediator). Thus,

broadly speaking, the rate of events in di↵erent DM probes have very di↵erent scaling with

couplings if a standard thermal history is assumed. They are:

• Collider searches for missing energy: Rate / � / g4 .

• Direct detection: Rate / (� ⇥ ⇢) / g0 .

• Indirect detection: Rate / (� ⇥ ⇢2) / g�4 .

Furthermore, resonance searches at colliders typically depend on the production cross sec-

tion for the resonance, �R, multiplied with the branching ratio into the final state under

consideration. If the (on-shell) mediator has a large branching into light quarks we hence

obtain the final important signature

• Collider searches for dijet resonances: Rate / �R / g2q .

This simple consideration demonstrates that, assuming a standard thermal history and con-

sidering the specific phenomenology of the mediator, these four di↵erent detection strate-

gies are parametrically complementary. In essence, large couplings imply large collider

– 3 –

g2B =
9/4

1 + 16
3Nf

n

1� 4
�

m
M

�2
o

3
2
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Using the gB Plot
✦ Reading axial Mmed limits from the gB plot:
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mDM = ∞

mDM = 0
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ATLAS Dijet Limits
✦ Dijet limits on axial-vector mediator, compared with mono-X 

searches
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Dijet & Dilepton Limits
✦ Dijet & dilepton limits on axial-vector mediator, compared 

with mono-X searches
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Dijet & Dilepton Limits
✦ Dijet & dilepton limits on axial-vector mediator, compared 

with mono-X searches
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Comparison w/ Direct Detection
✦ Vector mediators


๏ DD experiments get a resonant enhancement on a nucleus 
due to spin-independent scattering cross section


๏ Colliders only win at low DM masses
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Comparison w/ Direct Detection
✦ Axial vector mediators


๏ No resonant enhancement due to spin-dependent cross section

๏ Colliders typically win over the DD experiments up to a few 

hundred GeV DM masses
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Future Run 2 Searches
✦ Parton luminosity arguments shaped the searches program in 

2015 and early 2016:

๏ Look for high-mass singly or pair-produced objects:


✤ Gluinos, squarks (SUSY)

✤ Z’, W’, dijet, tt, and diboson resonances, vector-like quarks, leptoquarks, 

black holes (Exotica)

✦ The situation has finally changed in 2016, since the data 

doubling time from now on for the first time would exceed 1 
year, approaching a "lifetime" of a graduate student


✦ Expect more sophisticated searches in complicated final states 
that haven't been explored before, using advanced analysis 
techniques, ISR and VBF probes, etc.


✦ The LHC searches are moving away from the lampposts (both 
theoretical and experimental) and enter really unprobed 
territory
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Conclusions

New Physics - 
WHERE ARE 
YOU???
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