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Top quark 700/minute
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Proton collisions / bunch crossing ~25

Instantaneous luminosity 1.4x1034 cm-2s-1
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Mode Breakdown

Duration [h]

Stable Beams 1839.5

Fault / Downtime 980.0

Operations 857.9
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153 days physics ≈ 3738.7 hours
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CMS DetectorSolenoid 
3.8T field, 6m internal diameter

All silicon tracker
66M pixels
10M microstrips

Electromagnetic 
calorimeter (ECAL)

Hadron calorimeter 
(HCAL) 
brass-scintillator 
sampling
7k channels 

Muon system: resistive plate 
chambers, cathode strip 
chambers, drift tubes

4

76k PbWO4 crystals



2016 excellent detector performance

The	2016	crop

• An	excellent	year	for	the	
LHC	and	for	CMS.

• Also	a	good	year	for	
others.
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• Data taking efficiency ~ 93%
• Data certification efficiency ~ 95%



Eager analysts
45 new results based on full dataset for 
Moriond 2017 on diverse topics:

• 5 B2G
• 7 Heavy ion 
• 9 SM

• 9 Higgs
• 12 SUSY
• 4 Exotica

http://cms-results.web.cern.ch/cms-results/public-results/publications/



Excellent detector performanceCMS Collaboration
~ 2000 PhDs
~ 900 students
including
~ 400 LPC 
~ 60 FNAL



Busy publications committee
Exotica
Standard Model
Supersymmetry
Top
Higgs
Heavy Ion
B physics
Forward
Beyond 2 Gen
Detector
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ns• 599 publications since 2010

• 105 publications in 2016
• 26 publications in 2017



Many firsts since 2010

2010 : 7 TeV results 
2011 : 7 TeV results with large dataset
2012 : 8 TeV results
2015 : 13 TeV results (2/fb)

Today : First 13 TeV results with
large dataset 36 fb-1 



Exploration for new phenomena 
with SUSY as guiding principle

Selected topics for today
Uncovering the Higgs
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• H ➔ ZZ* ➔ 4  
• ttH production

Uncovering the Higgs
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Higgs at end of Run 1
arXiv:1606.02266arXiv:1503.07589

Table 5: Overview of the decay channels analysed in this paper. The ttH production process, which has contributions
from all decay channels, is also shown. To show the relative importance of the various channels, the results from the
combined analysis presented in this paper for mH = 125.09 GeV (Tables 12 and 13 in Section 5.2) are reported as
observed signal strengths µ with their measured uncertainties. The expected uncertainties are shown in parentheses.
Also shown are the observed statistical significances, together with the expected significances in parentheses, except
for the H ! µµ channel, which has very low sensitivity. For most decay channels, only the most sensitive analyses
are quoted as references, e.g. the ggF and VBF analyses for the H ! WW decay channel or the VH analysis
for the H ! bb decay channel. Although not exactly the same, the results are close to those from the individual
publications, in which slightly di↵erent values for the Higgs boson mass were assumed and in which the signal
modelling and signal uncertainties were slightly di↵erent, as discussed in the text.

Channel References for Signal strength [µ] Signal significance [�]
individual publications from results in this paper (Section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS
H ! �� [92] [93] 1.14 +0.27

�0.25 1.11 +0.25
�0.23 5.0 5.6

⇣

+0.26
�0.24

⌘ ⇣

+0.23
�0.21

⌘

(4.6) (5.1)

H ! ZZ [94] [95] 1.52 +0.40
�0.34 1.04 +0.32

�0.26 7.6 7.0
⇣

+0.32
�0.27

⌘ ⇣

+0.30
�0.25

⌘

(5.6) (6.8)

H ! WW [96, 97] [98] 1.22 +0.23
�0.21 0.90 +0.23

�0.21 6.8 4.8
⇣

+0.21
�0.20

⌘ ⇣

+0.23
�0.20

⌘

(5.8) (5.6)

H ! ⌧⌧ [99] [100] 1.41 +0.40
�0.36 0.88 +0.30

�0.28 4.4 3.4
⇣

+0.37
�0.33

⌘ ⇣

+0.31
�0.29

⌘

(3.3) (3.7)

H ! bb [101] [102] 0.62 +0.37
�0.37 0.81 +0.45

�0.43 1.7 2.0
⇣

+0.39
�0.37

⌘ ⇣

+0.45
�0.43

⌘

(2.7) (2.5)

H ! µµ [103] [104] �0.6 +3.6
�3.6 0.9 +3.6

�3.5
⇣

+3.6
�3.6

⌘ ⇣

+3.3
�3.2

⌘

ttH production [78, 105, 106] [108] 1.9 +0.8
�0.7 2.9 +1.0

�0.9 2.7 3.6
⇣

+0.7
�0.7

⌘ ⇣

+0.9
�0.8

⌘

(1.6) (1.3)

channel i ! H ! f , or as ratios of cross sections and branching fractions plus one reference �i ·
B f product. In these parameterisations, the theoretical uncertainties in the signal inclusive cross sections
for the various production processes do not a↵ect the measured observables, in contrast to measurements
of signal strengths, such as those described in Section 2.3. These analyses lead to the most model-
independent results presented in this paper and test, with minimal assumptions, the compatibility of the
measurements with the SM. The third generic parameterisation is derived from the one described in
Section 2.4 and is based on ratios of coupling modifiers. None of these parameterisations incorporate
any assumption about the Higgs boson total width other than the narrow-width approximation. Some
theoretical and experimental systematic uncertainties largely cancel in the parameterisations involving
ratios but at the current level of sensitivity the impact is small.

Table 6 gives an overview of the parameters of interest for the two generic parameterisations involving
ratios which are described in more detail in Sections 4.1.2 and 4.2. The first row makes explicit that the
gg! H ! ZZ channel is chosen as a reference. The �Zg = Z/g term in the fourth row is related to the
ratio of the ZH and ggF production cross sections. Once �WZ = W/Z is also specified, the VBF, WH,
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Figure 4: Summary of likelihood scans in the 2D plane of signal strength µ versus Higgs boson
mass mH for the ATLAS and CMS experiments. The 68% CL confidence regions of the individ-
ual measurements are shown by the dashed curves and of the overall combination by the solid
curve. The markers indicate the respective best-fit values.
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(Slovenia); DST/NRF (South Africa); MINECO, SEIDI and CPAN (Spain); SRC and Wallen-
berg Foundation (Sweden); ETH Board, ETH Zurich, PSI, SER, SNSF, UniZH, and Cantons of
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ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.
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H ➔ ZZ* ➔ 4 HIG-16-041

Despite 10-4 branching fraction, 

H➔4   has large S/B 
• complete reconstruction
• excellent  momentum resolution.
Select candidates 
• ≥2  w/ pT>10GeV
• ≥1  w/ pT>20 GeV
• 12 < m( ) < 120 GeV
• mZ1 > 40 GeV; Z1 is cand. w/ m  near mZ.
• m( + -) > 4 GeV for all combs
• m(4 ) > 70 GeV

Multiple candidates
• Choose cand with highest Dkin (next slide).
• In 4e/4μ, choose pairing with mZ1 closer mZ.
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Hbb

40.04 exp. events

9.54 exp. events

4.22 exp. events

2.05 exp. events

0.37 exp. events

0.12 exp. events

0.50 exp. events

 (13 TeV)-135.9 fbCMS Preliminary

Andrei Gritsan, JHU

Explore full kinematics H(125)0 → ZZ → 4  

14

CMS-HIG-16-041

H→ZZ→4
Clean decay

VBF VH
Production Production 

7 categories (multiplicity and MELA cuts):
CMS-HIG-16-041

18 April 2017
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H ➔ 4   kinematic fits14 10 Results
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Figure 6: Distribution of Dkin
bkg versus m4` in the mass region 100 < m4` < 170 GeV. The

gray scale represents the expected total number of ZZ background and SM Higgs boson sig-
nal events for mH = 125 GeV. The points show the data and the horizontal bars represent the
measured event-by-event mass uncertainties. Different marker styles are used to denote the
categorization of the events.

mH = 125.09 GeV, the combined result is µ = s/sSM = 1.05+0.15
�0.14(stat.)+0.11

�0.09(sys.) = 1.05+0.19
�0.17,

which is compared to the results for each of the seven event categories in Fig. 8 (top left). The
observed values are consistent with 1 within the uncertainties. The dominant experimental
sources of systematic uncertainty are the uncertainties in the lepton identification efficiencies
and luminosity measurement, while the dominant theoretical sources are the uncertainty in
the total gluon fusion cross section as well as the uncertainty in the category migration for the
gluon fusion process. The contributions to the total uncertainty from experimental and theo-
retical sources are found to be similar in magnitude.

A fit is performed for five signal-strength modifiers (µggH, µVBF, µVHhad, µVHlep, and µtt̄H) con-
trolling the contribution of the main SM Higgs boson production modes. The WH and ZH
processes are merged, and then split based on the decay of the associated V into either VHhad
(hadronic decays) or VHlep (leptonic decays).

The results are reported in Fig. 8 (top right) and compared to the expected signal-strength
modifiers in Table 3. The low observed signal strengths for the VBF, VH, and tt̄H processes can
be explained by the mild excess in the untagged category which leads to a higher than expected
signal strength for the gg ! H process which contributes significantly to the total signal yield
in categories that are based on the hadronic activity in the event. In the categories which are not
based on hadronic event activity, events with m4` near 125 GeV have low Dkin

bkg values meaning
they are more compatible with the background than the signal hypothesis.

Two signal-strength modifiers µggH, ttH and µVBF,VH are introduced as scale factors for the fermion
and vector-boson induced contribution to the expected SM cross section. A two-dimensional fit

• 7 production-related categories based on 
• number of jets (Nj)
• number of b-tagged jets (Nb)
• N( ), kinematics

• Rate fit: Dbkg and m(4 ).

Dbkg =kin

(Psig + Pbkg)
Psig

kin

• Discriminant based 
on decay kinematics

HIG-16-041

• Mass fit:  Rate fit + mZ constraint on mZ1 + σm’.
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H ➔ 4  mass and signal strength
10.1 Signal strength 11
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Figure 3: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected distributions. The SM Higgs boson signal with mH = 125 GeV,
denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation, the Z+X
background to the estimation from data. The order in perturbation theory used for the normal-
ization of the irreducible backgrounds is described in Section 7.1. No events are observed with
m4` > 1 TeV.

Higgs boson signal after the full event selection are reported in Table 1 for the full range of m4`.
Table 2 shows the expected and observed yields for each of the seven event categories.

Table 1: The number of expected background and signal events and number observed candi-
dates after full analysis selection, for each final state, for the full mass range m4` > 70 GeV, for
an integrated luminosity of 35.9 fb�1. Signal and ZZ backgrounds are estimated from Monte
Carlo simulation, Z+X is estimated from data.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 192.7+18.6

�20.1 360.2+24.9
�27.3 471.0+32.6

�35.7 1023.9+68.9
�76.0

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 101.7+14.0
�13.3 211.8+28.9

�27.5
Z+X 21.1+8.5

�10.4 34.4+14.5
�13.2 59.9+27.1

�25.0 115.4+31.9
�30.1

Sum of backgrounds 255.0+23.9
�25.1 463.5+31.9

�33.7 632.6+44.2
�46.1 1351.1+85.8

�91.2
Signal (mH = 125 GeV) 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267.0+24.9

�26.1 487.1+33.1
�34.9 662.6+45.7

�47.5 1416.8+89.1
�94.3

Observed 293 505 681 1479

The reconstructed dilepton invariant masses selected as Z1 and Z2 are shown in Fig. 5 for 118 <
m4` < 130 GeV, with their correlation. The correlation of the kinematic discriminant Dkin

bkg with
the four-lepton invariant mass is shown in Fig. 6. The distribution of the discriminants used for
event categorization along with the corresponding working point values are shown in Fig. 7.

10.1 Signal strength

To extract the signal strength for the excess of events observed in the Higgs boson peak region,
we perform a multi-dimensional fit that relies on two variables: the four-lepton invariant mass

Significance 
>10σ

22 11 Summary

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges in
square brackets) intervals on the width GH of the Higgs boson. The expected results are quoted
for the SM signal production cross section (µVBF,VH = µggH,tt̄H = 1) and the values of mH = 125
GeV and GH = 0.0041 GeV.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]
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Figure 11: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH floated.

11 Summary
Several measurements of Higgs boson production in the four-lepton final state at

p
s = 13 TeV

have been presented, using data samples corresponding to an integrated luminosity of 35.9 fb�1.
The measured signal strength modifier is µ = 1.05+0.19

�0.17 = 1.05+0.15
�0.14(stat.)+0.11

�0.09(sys.), and the
measured signal strength modifiers associated with fermions and vector bosons are µggH, ttH =

1.20+0.35
�0.31 and µVBF,VH = 0.00+1.37

�0.00, respectively. The fiducial cross section at
p

s = 13 TeV
for this boson is measured to be 2.90+0.48

�0.44(stat.)+0.27
�0.22(sys.) fb. The mass is measured to be

mH = 125.26 ± 0.20(stat.)± 0.08(sys.) GeV and the width is constrained to be GH < 1.10 GeV
at 95% CL. All results are consistent, within their uncertainties, with the expectations for the
SM Higgs boson.

More precise than Run 1 
combination of H➔γγ and H➔4  !

16 10 Results
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Figure 8: (Top left) Observed values of the signal strength µ = s/sSM for the seven event
categories, compared to the combined µ shown as a vertical line. The horizontal bars and the
filled band indicate the ± 1s uncertainties. (Top right) Results of likelihood scans for the signal-
strength modifiers corresponding to the main SM Higgs boson production modes, compared
to the combined µ shown as a vertical line. The horizontal bars and the filled band indicate the
± 1s uncertainties. The uncertainties include both statistical and systematic sources. (Bottom
left) Result of the 2D likelihood scan for the µggH, ttH and µVBF,VH signal-strength modifiers.
The solid and dashed contours show the 68% and 95% CL regions, respectively. The cross
indicates the best-fit values, and the diamond represents the expected values for the SM Higgs
boson. (Bottom right) Results of the fit for simplified template cross sections for the stage 0
sub-processes, normalized to the SM prediction.

ume is very similar to the definition used in Ref. [18]. The differences with respect to Ref. [18]
are that leptons are defined as “dressed” leptons, as opposed to Born-level leptons, and the
lepton isolation criteria is updated to match the reconstruction level selection. Leptons are
“dressed” by adding the four-momenta of photons within DR < 0.3 to the bare leptons, and
leptons are considered isolated if the sum of scalar pT of all stable particles within DR < 0.3

Run1:
+0.32
-0.261.04

HIG-16-041
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H ➔ 4  fiducial cross section
10.3 Mass measurement 19
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Figure 9: The measured fiducial cross section as a function of
p

s (top left). The acceptance
is calculated using POWHEG at

p
s=13 TeV and HRES [50, 52] at

p
s=7 and 8 TeV and the total

gluon fusion cross section and uncertainty are taken from Ref. [24]. The fiducial volume forp
s=6–9 TeV uses the lepton isolation definition from Ref. [18], while for

p
s=12–14 TeV the defi-

nition described in the text is used. The results of the differential cross section measurement for
pT(H) (top right), N(jets) (bottom left) and pT(jet) (bottom right). The acceptance and theoret-
ical uncertainties in the differential bins are are calculated using POWHEG. The sub-dominant
component of the the signal (VBF + VH + tt̄H) is denoted as XH.

In order to improve the four lepton invariant mass resolution, a kinematic fit is performed us-
ing a mass constraint on the intermediate Z resonance. Previous studies of the Higgs boson
mass show that the selected Z1 has a significant on-shell component, while the invariant mass
distribution for the selected Z2 is wider than the detector resolution. Therefore when perform-
ing the kinematic constraint only the Z1 candidate is considered.

The likelihood to be maximized is constructed as follows:

L( p̂1
T, p̂2

T|p1
T, sp1

T
, p2

T, sp2
T
) = Gauss(p1

T| p̂1
T, sp1

T
) · Gauss(p2

T| p̂2
T, sp2

T
) · L(m12|mZ, mH), (8)
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Figure 9: The measured fiducial cross section as a function of
p

s (top left). The acceptance
is calculated using POWHEG at

p
s=13 TeV and HRES [50, 52] at

p
s=7 and 8 TeV and the total

gluon fusion cross section and uncertainty are taken from Ref. [24]. The fiducial volume forp
s=6–9 TeV uses the lepton isolation definition from Ref. [18], while for

p
s=12–14 TeV the defi-

nition described in the text is used. The results of the differential cross section measurement for
pT(H) (top right), N(jets) (bottom left) and pT(jet) (bottom right). The acceptance and theoret-
ical uncertainties in the differential bins are are calculated using POWHEG. The sub-dominant
component of the the signal (VBF + VH + tt̄H) is denoted as XH.

In order to improve the four lepton invariant mass resolution, a kinematic fit is performed us-
ing a mass constraint on the intermediate Z resonance. Previous studies of the Higgs boson
mass show that the selected Z1 has a significant on-shell component, while the invariant mass
distribution for the selected Z2 is wider than the detector resolution. Therefore when perform-
ing the kinematic constraint only the Z1 candidate is considered.

The likelihood to be maximized is constructed as follows:

L( p̂1
T, p̂2

T|p1
T, sp1

T
, p2

T, sp2
T
) = Gauss(p1

T| p̂1
T, sp1

T
) · Gauss(p2

T| p̂2
T, sp2

T
) · L(m12|mZ, mH), (8)

• Fiducial phase space based on pT( ), 
η( ), m( ), m(4 ), and more (in backup).

 (TeV) s
6 7 8 9 10 11 12 13 14

 [f
b]

fid
σ

0

1

2

3

4

5

6
 sys. unc.)⊕Data (stat. 

Systematic uncertainty

 H)→LO gg3 = 125 GeV, N
H

Standard model (m

 (13 TeV) -1 (8 TeV), 35.9 fb-1 (7 TeV), 19.7 fb-15.1 fb

CMS Preliminary

 4l) + X→ (H →pp 

Andrei Gritsan, JHU

Cross sections  pp → H(125)0 → 4  (new) 

19

CMS-HIG-16-041

Parameter value norm. to SM value
0 0.5 1 1.5 2 2.5 3

 0.00−
1.19+ =  0.00theoσ / Httσ

 0.00−
2.77+ =  0.00theoσ / VHlepσ

 0.00−
2.83+ =  0.00theoσ / VHhadσ

 0.05−
1.01+ =  0.05theoσ / VBFσ

 0.20−
0.20+ =  1.20theoσ / ggHσ

l 4→ ZZ* →H 
Stage 0 sub-process

 = 125.09 GeVHm

SM Prediction

 (13 TeV)-135.9 fbCMS Preliminary

simplified cross sections 4  fiducial cross section at 13 TeV 

σ=2.90 +0.48(stat) +0.27(syst) fb  -0.44 -0.22

— using full 3D power

— need to extrapolate to the full volume

— 1D in m4 , fiducial volume cuts  
— no theory errors (except Branching)

σth=43.9pb

σth=3.7pb

σth=2.2pb

σth=0.5pb

18 April 2017

HIG-16-041



ttH production 
•  ttH production is the best direct way to probe the 

coupling between top quark and Higgs boson 
–  tree-level process, cross section prop. to λt

2 

–  complementary evidence to loop-induced ggH,   
which in the SM is also dominated by the λt

2  
contribution from the top quark loop 

•  SM ttH cross section at 13 TeV: 507 fb: ~1/96th of ggH 
–  small, but top quarks in the final state provide  

good handles to trigger and select the events 

Moriond EWK, 2017 G. Petrucciani (CERN) 2 

λq λt 
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Search for ttH
• Important:  Direct probe of top / Higgs coupling.

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

1AAD 16J perform fits to the ATLAS and CMS data at Ecm = 7 and 8 TeV. The signal

strengths for individual production processes are 1.0+0.6
−0.6 for gluon fusion, 1.3+0.4

−0.4 for

vector boson fusion, −1.4+1.4
−1.4 for W H0 production, 2.2+2.2

−1.8 for Z H0 production, and

−1.9+3.7
−3.3 for t tH0 production.

2 In the fit, relative production cross sections are fixed to those in the Standard Model.
The quoted signal strength is given for m

H0 = 125.09 GeV.
3AALTONEN 13M combine all Tevatron data from the CDF and D0 Collaborations with
up to 10.0 fb−1 and 9.7 fb−1, respectively, of pp collisions at Ecm = 1.96 TeV. The
quoted signal strength is given for m

H0 = 125 GeV.

4AAD 16K use up to 4.7 fb−1 of pp collisions at Ecm = 7 TeV and up to 20.3 fb−1 at
Ecm = 8 TeV. The quoted signal strength is given for m

H0 = 125.36 GeV.

5AAD 15AH use 4.5 fb−1 of pp collisions at Ecm = 7 TeV and 20.3 fb−1 at Ecm
= 8 TeV. The third uncertainty in the measurement is theory systematics. The signal

strength for the gluon fusion mode is 2.0 ± 0.8+1.2
−0.8 ± 0.3 and that for vector boson

fusion and W /Z H0 production modes is 1.24+0.49
−0.45

+0.31
−0.29 ± 0.08. The quoted signal

strength is given for m
H0 = 125.36 GeV.

6CHATRCHYAN 14K use 4.9 fb−1 of pp collisions at Ecm = 7 TeV and 19.7 fb−1

at Ecm = 8 TeV. The quoted signal strength is given for m
H0 = 125 GeV. See also

CHATRCHYAN 14AJ.
7 AALTONEN 13L combine all CDF results with 9.45–10.0 fb−1 of pp collisions at Ecm
= 1.96 TeV. The quoted signal strength is given for m

H0 = 125 GeV.

8ABAZOV 13L combine all D0 results with up to 9.7 fb−1 of pp collisions at Ecm =
1.96 TeV. The quoted signal strength is given for m

H0 = 125 GeV.

9AAD 12AI obtain results based on 4.7 fb−1 of pp collisions at Ecm = 7 TeV. The
quoted signal strengths are given in their Fig. 10 for m

H0 = 126 GeV. See also Fig. 13

of AAD 12DA.
10CHATRCHYAN 12N obtain results based on 4.9 fb−1 of pp collisions at Ecm=7 TeV

and 5.1 fb−1 at Ecm=8 TeV. The quoted signal strength is given for m
H0=125.5 GeV.

See also CHATRCHYAN 13Y .

Z γ Final StateZ γ Final StateZ γ Final StateZ γ Final State
VALUE CL% DOCUMENT ID TECN COMMENT

<11 95 1 AAD 14J ATLS pp → H0X , 7, 8 TeV

< 9.5< 9.5< 9.5< 9.5 95 2 CHATRCHYAN13BK CMS pp → H0X , 7, 8 TeV

1AAD 14J search for H0 → Z γ → ℓℓγ in 4.5 fb−1 of pp collisions at Ecm = 7 TeV

and 20.3 fb−1 at Ecm = 8 TeV. The quoted signal strength is given for m
H0 = 125.5

GeV.
2CHATRCHYAN 13BK search for H0 → Z γ → ℓℓγ in 5.0 fb−1 of pp collisions at Ecm
= 7 TeV and 19.6 fb−1 at Ecm = 8 TeV. A limit on cross section times branching ratio
which corresponds to (4–25) times the expected Standard Model cross section is given
in the range m

H0 = 120–160 GeV at 95% CL. The quoted limit is given for m
H0 = 125

GeV, where 10 is expected for no signal.

t t H0 Productiont t H0 Productiont t H0 Productiont t H0 Production
Signal strengh relative to the Standard Model cross section.

VALUE CL% DOCUMENT ID TECN COMMENT

2.3 +0.7
−0.6

2.3 +0.7
−0.62.3 +0.7
−0.6

2.3 +0.7
−0.6

1,2 AAD 16J LHC pp, 7, 8 TeV

HTTP://PDG.LBL.GOV Page 15 Created: 10/1/2016 20:06

• Potentially anomalous:

• Challenging:  σ(ttH) = ~1% of σ(ggH) = 500 fb



ttH, multilepton 
•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly 

–  tt + W/Z/γ* production: irreducible except for jets & ν’s. 
•  Taken from theory predictions, with O(10%) uncertainty 

–  reducible backgrounds, mostly from tt + jets with  
non-prompt leptons or charge mis-assignment 
•  Estimated from data, with O(30%) uncertainty 

Moriond EWK, 2017 G. Petrucciani (CERN) 14 

ttH � 3ℓ + X ttZ � 3ℓ + X tt � 3ℓ + X 3  signal

18

H decay modes for ttH search

σxBR < 1fb

Searches for ttH @ LHC 

Searches can be approximately grouped in: 

•  Hadronic  
H�bb, H�τhτh 

•  Leptonic  
H�WW, H�τℓτany 

•  Bosonic:  
H�γγ, H�ZZ*�4ℓ 

Moriond EWK, 2017 G. Petrucciani (CERN) 3 

higher purity 

higher yield 

good mix of 
yield and purity

G. Petrucciani 
Moriond 2017

Backgrounds
• tt + W/Z/γ*
• tt + jets
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ttH multilepton search
Categories
• ± ± , Nj≥4, Nb≥1

• ee/eμ/μμ and ++/—

• loose/tight b-tagging

• 3  , Nj≥2, Nb≥1
• loose/tight b-tagging

• 4  , Nj≥2, Nb≥1

• veto H➔ 4

Methods
• 2  +3 :  2-dimensional 

boosted decision tree (BDT)*
• 4 : counting experiment

CMS data, 2ℓ 
Moriond EWK, 2017 G. Petrucciani (CERN) 19 

Categories SR bins (all cat. combined) 

post-fit plots with μ(ttH) constrained to SM predictions 

CMS data, 2ℓ 
Moriond EWK, 2017 G. Petrucciani (CERN) 19 

Categories SR bins (all cat. combined) 

post-fit plots with μ(ttH) constrained to SM predictions 

CMS data, 3ℓ & 4ℓ 
Moriond EWK, 2017 G. Petrucciani (CERN) 20 

3ℓ categories 3ℓ SR bins (all cat. comb.) 

4ℓ events 

( shape info not 
used in the fit ) 

post-fit plots with μ(ttH) constrained to SM predictions 

CMS data, 3ℓ & 4ℓ 
Moriond EWK, 2017 G. Petrucciani (CERN) 20 

3ℓ categories 3ℓ SR bins (all cat. comb.) 

4ℓ events 

( shape info not 
used in the fit ) 

post-fit plots with μ(ttH) constrained to SM predictions 

CMS data, 2ℓ 
Moriond EWK, 2017 G. Petrucciani (CERN) 19 

Categories SR bins (all cat. combined) 

post-fit plots with μ(ttH) constrained to SM predictions 

3± ± 

HIG-17-004

BDT based on  kinematics, Nj, mT( 1, MET), top jet 
tagger, H jet tagger, ttH and ttV ME weights.
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ttH signal strength 
CMS multilepton Run 2 ttH summary
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HIG-17-004  (36/fb)
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multilepton results 

•  Both results compatible with SM within about 1σ. 
•  Significance wrt μ(ttH) = 0 hypothesis: 

–  ATLAS:  2.2 σ (expected for SM ttH: 1.0 σ ) 
–  CMS:  3.3 σ (expected for SM ttH: 2.5 σ ) 
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Exploration for new phenomena

• General search — with SUSY 
gluino interpretation

• Targeted top squark search
• Targeted electroweakino search

with supersymmetry as guiding principle
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Spacetime symmetry that turns bosonic 
states into fermionic states and vice versa:

Why SUSY?
 Explains dark matter

 Lightest SUSY particle = LSP
 Explains Higgs mass 
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operator Q that generates such transformations must be an anti-commuting spinor, with

Q|Boson⟩ = |Fermion⟩, Q|Fermion⟩ = |Boson⟩. (1.5)

Spinors are intrinsically complex objects, so Q† (the hermitian conjugate of Q) is also a symmetry
generator. Because Q and Q† are fermionic operators, they carry spin angular momentum 1/2, so it is
clear that supersymmetry must be a spacetime symmetry. The possible forms for such symmetries in
an interacting quantum field theory are highly restricted by the Haag-Lopuszanski-Sohnius extension
[7] of the Coleman-Mandula theorem [8]. For realistic theories that, like the Standard Model, have
chiral fermions (i.e., fermions whose left- and right-handed pieces transform differently under the gauge
group) and thus the possibility of parity-violating interactions, this theorem implies that the generators
Q and Q† must satisfy an algebra of anticommutation and commutation relations with the schematic
form

{Q,Q†} = Pµ, (1.6)

{Q,Q} = {Q†, Q†} = 0, (1.7)

[Pµ, Q] = [Pµ, Q†] = 0, (1.8)

where Pµ is the four-momentum generator of spacetime translations. Here we have ruthlessly sup-
pressed the spinor indices on Q and Q†; after developing some notation we will, in section 3.1, derive
the precise version of eqs. (1.6)-(1.8) with indices restored. In the meantime, we simply note that
the appearance of Pµ on the right-hand side of eq. (1.6) is unsurprising, because it transforms under
Lorentz boosts and rotations as a spin-1 object while Q and Q† on the left-hand side each transform
as spin-1/2 objects.

The single-particle states of a supersymmetric theory fall into irreducible representations of the
supersymmetry algebra, called supermultiplets. Each supermultiplet contains both fermion and boson
states, which are commonly known as superpartners of each other. By definition, if |Ω⟩ and |Ω′⟩ are
members of the same supermultiplet, then |Ω′⟩ is proportional to some combination of Q and Q†

operators acting on |Ω⟩, up to a spacetime translation or rotation. The squared-mass operator −P 2

commutes with the operators Q, Q†, and with all spacetime rotation and translation operators, so
it follows immediately that particles inhabiting the same irreducible supermultiplet must have equal
eigenvalues of −P 2, and therefore equal masses.

The supersymmetry generators Q,Q† also commute with the generators of gauge transformations.
Therefore particles in the same supermultiplet must also be in the same representation of the gauge
group, and so must have the same electric charges, weak isospin, and color degrees of freedom.

Each supermultiplet contains an equal number of fermion and boson degrees of freedom. To prove
this, consider the operator (−1)2s where s is the spin angular momentum. By the spin-statistics
theorem, this operator has eigenvalue +1 acting on a bosonic state and eigenvalue −1 acting on a
fermionic state. Any fermionic operator will turn a bosonic state into a fermionic state and vice versa.
Therefore (−1)2s must anticommute with every fermionic operator in the theory, and in particular
with Q and Q†. Now, within a given supermultiplet, consider the subspace of states |i⟩ with the same
eigenvalue pµ of the four-momentum operator Pµ. In view of eq. (1.8), any combination of Q or Q†

acting on |i⟩ must give another state |i′⟩ with the same four-momentum eigenvalue. Therefore one has
a completeness relation

∑
i |i⟩⟨i| = 1 within this subspace of states. Now one can take a trace over all

such states of the operator (−1)2sPµ (including each spin helicity state separately):

∑

i

⟨i|(−1)2sPµ|i⟩ =
∑

i

⟨i|(−1)2sQQ†|i⟩+
∑

i

⟨i|(−1)2sQ†Q|i⟩

6

Supersymmetry (SUSY)

~

𝝌0~
1

𝝌±
1

~𝝌±
2

𝝌0~
2 𝝌0~

3 𝝌0~
4

Higgs and gauge boson spartners 
mix forming neutralinos and 
charginos or “EWKinos”

Special particles
• gluino
• stop
• higgsinos



“Natural” SUSY spectrum

Papucci, Ruderman, Weiler, arXiv:1110.6926
Barbieri, Giudice (1988)
Martin arXiv:hep-ph/9709356

Naturalness motivates the TeV scale
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• In standard model (SM), 
δmH2~1030 GeV.
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depends on sparticle masses.

• Define “natural” spectrum as 
giving δmH2  not ≫ mH2.

• Traditional metric:

In conventional realizations of SUSY, a special role is played by the 
Higgsinos, stops, and gluinos, as these couple strongest to the Higgs. 
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Naturalness bounds

For Higgsinos, naturalness sets a direct and simple bound on their mass:

For gluinos and squarks, the bound depends on the messenger scale:
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“Natural” SUSY spectrum
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Figure 1: Cross sections for SUSY particle production. at
p
s = 8 TeV and 13-14 TeV. The

colored particle cross sections are from nll-fast [14] and evaluated at
p
s = 8 TeV and

13 TeV; the electroweak pure higgsino cross sections are from prospino [15] and evaluated

at
p
s = 8 TeV and 14 TeV. The electroweak pair production cross section is sensitive to

mixing, and the higgsino cross sections (shown in the figure) are approximately a factor of

2 lower than the pure wino case.

4

Halkiadakis, Redlinger & DS ’14

How to search for natural SUSY
Halkiadakis, Redlinger, Shih (2014)



General search in hadronic final state
(with gluino interpretation)

25

gg ➔ 4q + MET gg ➔ 4b + MET gg ➔ 4t + MET
Nj 4 4 12
Nb 0 4 4

hadronic BR 100% 100% 21%

P1

P2

g̃

g̃

q̄

q

χ̃0
1

χ̃0
1

q̄

q

hadronic jets + missing 
transverse energy (MET)➔
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Gluino-like event
12 jets
3 b-tagged jets
MET = 375 GeV



requirement definition related new phenomena characteristic

HT>500 GeV large overall energy scale of event 

MHT>200 GeV missing energy from undetected particles

Nj ≥4 number of jets many hadronic jets 

Nb ≥ 0 # of b-tagged jets some models characterized by b quarks

Ne = Nμ = 0
(pT > 10 GeV)

# of electrons & 
muons remove leptonic backgrounds (top, V+jets)

Basic event selection

27

MHT = |
X

jets

�~pT|

HT =
X

jets

|pT|

• Basic selection is >95% efficient for high mass gluinos.



Z➔νν+jets background
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Z
ν
ν

j

j

j
j

• Irreducible background for jets + MET.

• Estimate from data and simulation with 
Z➔ + -+jets  and γ+jets control samples 
• use γ or Z➔   as proxy for MHT.

• Signature: few b-jets, few jets, high MET.

MHT



t
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ν

• tt+jets and W+jets decaying to e± or μ±

• Un-reconstructed ± ➔ MHT.MHT
-

-
-

Lost lepton background

29

• Signature: several Njets, Nbjets>0

• Estimate from 1  control sample 
• efficiency measured in data
• acceptance measured in simulation

• Reduce by vetoing events with isolated 
tracks (pT > 5 GeV) consistent with leptons.
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t

t

b

b
j
j

ν
τ

Hadronic tau decay background

MHT
• tt+jets and W+jets decaying to τ±

• hadronically decaying τ± ➔ MHT.

• Signature: several Njets, Nbjets>0

• Estimate from 1μ control sample 
• adjust μ response to mimic τ response 

using template from simulation.

• Reduce by vetoing events with isolated 
tracks (pT>10 GeV) consistent with hadron.



Mismeasured jet background
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jet2

jet3

jet4
jet1

Δφ

• QCD multijet events
• Mismeasurement of jet pT ➔ MHT

• Reduce by requiring Δφ(jeti, MHT)>0.5.
• MHT is aligned with mismeasured jet.

y

x
φ

• Signature: few Njets, few Nbjets

• Estimate with two independent methods 
• low Δφ control sample
• “Rebalance & smear”

MHT



Event categorization
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Figure 2: Schematic illustration of the 10 kinematic search intervals in the Hmiss
T versus HT

plane. Intervals 1 and 4 are discarded for Njet � 7. The intervals labeled C1, C2, and C3 are
control regions used to evaluate the QCD background. The rightmost and topmost bins extend
to HT = • and Hmiss

T = •, respectively.

the isolated-track veto to situations consistent with W boson decay. The selection criteria on
DfHmiss

T ,ji suppress background from QCD events, for which ~Hmiss
T is usually aligned along a jet

direction.

The search is performed in four-dimensional exclusive intervals of Njet, Nb-jet, HT, and Hmiss
T .

The search intervals in Njet and Nb-jet are:

• Njet: 2, 3–4, 5–6, 7–8, �9;
• Nb-jet: 0, 1, 2, �3.

Intervals with Nb-jet � 3 and Njet = 2 are discarded since there are no entries. For HT and Hmiss
T ,

10 kinematic intervals are defined, as specified in Table 1 and illustrated in Fig. 2. Events with
both small HT and large Hmiss

T are not considered because such events are likely to arise from
mismeasurement. For Njet � 7, the kinematic intervals labeled 1 and 4 are discarded because
of the small number of events. The total number of search intervals is 174.

The intervals labeled C1, C2, and C3 in Fig. 2 are control regions defined by 250 < Hmiss
T <

300 GeV, with the same boundaries in HT as kinematic intervals 1, 2, and 3, respectively. These
regions are used in the method to estimate the QCD background described in Section 7.3.2.

5 Simulated event samples
To evaluate the background, we mostly rely on data control regions, as discussed in Section 7.
Samples of simulated SM events are used to validate the analysis procedures and for some
secondary aspects of the background estimation. The SM production of tt, W+jets, Z+jets,
g+jets, and QCD events is simulated using the MADGRAPH5 aMC@NLO 2.2.2 [43] event gen-
erator at leading order (LO). The tt events are generated with up to three additional partons
in the matrix element, while up to four additional partons can be present for W+jets, Z+jets,

0 b-jets 1 b-jet 2 b-jets 3+ b-jets

jets
  2

jets
3-4

jets
5-6

jets
7-8

jets
 9+

    tt QCD   Z+jets W+jets Other

CMS            Supplementary (Simulation) (13 TeV)
 > 300 GeVTH

 > 300 GeVmiss
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Nj
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M
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174 categories based on  
Nj, Nb, MHT, HT

SUS-16-033



Kinematic distributions
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Figure 9: The observed numbers of events and SM background predictions for regions in the
search region parameter space particularly sensitive to the production of events in the (upper
left) T1tttt, (upper right) T1bbbb, (middle left) T1qqqq, (middle right) T2tt, (lower left) T2bb,
and (lower right) T2qq scenarios. The selection requirements are given in the figure legends.
The hatched regions indicate the total uncertainties in the background predictions. The (un-
stacked) results for two example signal scenarios are shown in each instance, one with Dm � 0
and the other with Dm ⇡ 0, where Dm is the difference between the gluino or squark mass and
the sum of the masses of the particles into which it decays.

MHT Nj
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Largest excess is 
~3σ in bin 126
• MHT>750 GeV
• HT>1500 GeV
• Nj = 7-8
• Nb = 1
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Targeted search for top squark 
in fully hadronic final state
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2 2 The CMS detector
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

ec±
1 is only 5 GeV greater than that of the ec0

1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap

Top quark decay kinematics 
depend strongly on
∆m = m   - m    ~t 𝝌0~

1

In addition to general 
searches, we target 
specific topologies.



Top quark decay kinematics
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Identifying top quarks
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1. select candidate merged tops (W bosons):
• Mjet >110 GeV (50-110 GeV),  pT>400 GeV (200 GeV)

2. identify merged tops (Ws) with boosted decision tree (BDT)
• jet mass corrected for soft radiation effects (soft-drop)
• sub-jet consistency and kinematics (N-subjettiness)
• b-tagging discriminant

3. select candidate resolved tops from remaining jets
• Mass consistent with top

4. identify resolved tops with BDT based on 
jet 4-vectors and b-tagging discriminant.

6 4 Event reconstruction

framework [75]. The merged top (W) BDT is trained using as “signal” those candidates that
are truth-matched to hadronically decaying top quarks (W bosons) in a simulated signal (tt)
sample, and as “background” those candidates which could not be truth-matched. The effi-
ciency to correctly identify a truth-matched merged top or W is shown in Fig. 2 as a function of
the pT of the generated particle. The merged W tagging efficiency is measured from W bosons
stemming from the top quark decay. The moderate drop in the merged W tagging efficiency
at high pT is due to merging of the top quark decay products. The misidentification rate of
incidental quarks or gluons depends on the pT of the large-R jet and ranges between 1 � 4%
and 2 � 10% for merged tops and merged Ws, respectively.
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Figure 2: Efficiency to correctly identify a merged top (left) or a merged W (right) as a function
of the pT of the generated top quark or W boson.

The performance of these taggers is evaluated using data samples. Firstly the misidentification
rate in data is measured in a sample dominated by QCD multijet events selected using an
HT trigger (HT is defined as the scalar sum of the pT of the jets in the event). The sample
consists of events with at least one large-R jet and HT > 1 TeV. The misidentification rate
is measured as a function of the large-R jet pT and h and compared to the expected rate in
simulation. Simulation-to-data correction factors, deviating from 1 up to 20%, are calculated to
correct the performance in simulation.

Secondly, the tagging efficiencies are measured in a sample primarily composed of semileptonic
tt events that are selected using a single-muon trigger. The muon is required to have pT >
50 GeV and |h| < 2.1. To suppress other backgrounds, at least one b-tagged jet in the same
hemisphere as the muon is required, and the candidate large-R jet is required to lie in the
opposite hemisphere. Contributions from processes with no hadronically decaying top quarks
or W bosons are corrected using the corresponding misidentification correction factors before
the tagging efficiencies are measured. The observed tagging efficiencies are similar to those
estimated in simulation, and simulation-to-data correction factors typically ranging from 0.9 to
1.1 are again extracted to account for residual differences as a function of pT. Signal samples
simulated using the CMS fast simulation package are corrected in a similar way for differences
in tagging performance with respect to GEANT4-based simulation samples.

mistag rate
=1-4%

• Both BDTs discriminate between truth-matched 
and non-matched tops in tt simulation.

4.2 Identification of moderate-pT top quarks 7

4.2 Identification of moderate-pT top quarks

The decay products of moderately boosted top quarks can often be resolved into three separate
constituent jets from our primary jet collection clustered with a distance parameter of 0.4. To
achieve orthogonality with respect to the merged top and merged W objects, we consider only
a cleaned collection of these jets separated by a distance DR > 0.8 from any merged top or
W object. Three-jet “resolved top” candidates are formed starting from one of the two jets in
this cleaned collection with the highest b tagging discriminant value: this jet is designated the
“b” constituent jet. Two additional constituent jets are identified from all two-jet combinations
in the cleaned collection, excluding the already identified b, and are designated the “W” con-
stituent jets. To reduce the combinatorial background before making any stringent selections,
we require the two W constituent jets to have invariant mass within 40 GeV of the W boson
mass, and the combined three-jet system to have invariant mass within 80 GeV of the top quark
mass. These three-jet combinations are candidates for resolved top tagging.

The three-jet candidates are tagged as resolved tops by a BDT trained using a simulated tt sam-
ple. It exploits the kinematics and properties of the three-jet candidates (i.e. masses, angular
separations, and kinematics of and between the three constituent jets). In addition, the quark-
gluon discriminating observables, the b tagging discriminant value of each of the constituent
jets, and the charm-to-light discriminator [76] are included in the input variables. The perfor-
mance of the resolved top tagger is shown in Fig. 3. In the high-pT regime a moderate drop
in the tagging efficiency is observed, which is related to the fact that in this regime the top
quark decay products are typically contained within a radius of R ⇠ 0.8; hence it may not be
resolvable into three constituent jets, or, recalling the cleaning procedures, it may be identified
instead as a merged top.
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Figure 3: Efficiency to correctly identify a resolved top as a function of the pT of the generated
top quark (left); misidentification rate as a function of the pT of the resolved top in a QCD
multijet dominated sample (right).

The performance of the resolved top tagger is evaluated following a similar methodology as
described in Section 4.1. Simulation-to-data correction factors ranging from 1.00 to 1.15 are
extracted and used to correct the performance in simulation. Signal samples simulated using
the CMS fast simulation package are corrected similarly for differences in tagging performance
with respect to GEANT4-based simulation samples.

mistag rate
=5-10%
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Figure 6: Observed data events and SM background predictions for the high Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do not
include the effects of the maximum likelihood fit to the data. The ratio of observed data to
prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

signal benchmark point. Signal models for which the 95% CL upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations) are
considered to be excluded by this analysis.

The inclusion of the single-lepton CRs in the likelihood fit ensures that any potential signal
contamination in the CR, based on the corresponding estimated event yields for the given sig-
nal model, is taken into account in the signal cross section excluded by the fit. The systematic
uncertainties assigned to the signal and background predictions are treated as nuisance pa-
rameters in the fit. Statistical uncertainties due to the limited statistics of simulated samples
are uncorrelated between all regions and between all backgrounds. The statistical uncertain-
ties in background predictions for different SRs that are derived from a common control region
are assumed to be correlated.

The experimental uncertainties related to the lepton and th vetoes, b tagging, soft b tagging,
jet energy scale, Emiss

T resolution, pileup reweighting, and the top and W tagging are correlated
across all SRs and for all backgrounds. The uncertainties in the lost-lepton background estimate
corresponding to the variations of its tt and W+jets fractions, or of the choice in simulation of
PDF, aS, and µR/µF are also correlated for all SRs and the single-lepton CRs. Uncertainties
due to the lepton correction factors are treated as anti-correlated between the single-lepton CR

∆m>mW selection

42

Basic selection
• Nb ≥ 1, Njets ≥ 5
• Δφ(jets, MET)>0.5
• MET> 250 GeV

Sample with minimum mT(b,MET)< mtop 
is top enriched so also requires
• Njets ≥ 7
• Nresolved ≥ 1

Classify according to:
• Nmerged-top, Nresolved-top, NW, Nj, Nb
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Figure 6: Observed data events and SM background predictions for the high Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do not
include the effects of the maximum likelihood fit to the data. The ratio of observed data to
prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

signal benchmark point. Signal models for which the 95% CL upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations) are
considered to be excluded by this analysis.

The inclusion of the single-lepton CRs in the likelihood fit ensures that any potential signal
contamination in the CR, based on the corresponding estimated event yields for the given sig-
nal model, is taken into account in the signal cross section excluded by the fit. The systematic
uncertainties assigned to the signal and background predictions are treated as nuisance pa-
rameters in the fit. Statistical uncertainties due to the limited statistics of simulated samples
are uncorrelated between all regions and between all backgrounds. The statistical uncertain-
ties in background predictions for different SRs that are derived from a common control region
are assumed to be correlated.

The experimental uncertainties related to the lepton and th vetoes, b tagging, soft b tagging,
jet energy scale, Emiss

T resolution, pileup reweighting, and the top and W tagging are correlated
across all SRs and for all backgrounds. The uncertainties in the lost-lepton background estimate
corresponding to the variations of its tt and W+jets fractions, or of the choice in simulation of
PDF, aS, and µR/µF are also correlated for all SRs and the single-lepton CRs. Uncertainties
due to the lepton correction factors are treated as anti-correlated between the single-lepton CR
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Figure 6: Observed data events and SM background predictions for the high Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do not
include the effects of the maximum likelihood fit to the data. The ratio of observed data to
prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

signal benchmark point. Signal models for which the 95% CL upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations) are
considered to be excluded by this analysis.

The inclusion of the single-lepton CRs in the likelihood fit ensures that any potential signal
contamination in the CR, based on the corresponding estimated event yields for the given sig-
nal model, is taken into account in the signal cross section excluded by the fit. The systematic
uncertainties assigned to the signal and background predictions are treated as nuisance pa-
rameters in the fit. Statistical uncertainties due to the limited statistics of simulated samples
are uncorrelated between all regions and between all backgrounds. The statistical uncertain-
ties in background predictions for different SRs that are derived from a common control region
are assumed to be correlated.

The experimental uncertainties related to the lepton and th vetoes, b tagging, soft b tagging,
jet energy scale, Emiss

T resolution, pileup reweighting, and the top and W tagging are correlated
across all SRs and for all backgrounds. The uncertainties in the lost-lepton background estimate
corresponding to the variations of its tt and W+jets fractions, or of the choice in simulation of
PDF, aS, and µR/µF are also correlated for all SRs and the single-lepton CRs. Uncertainties
due to the lepton correction factors are treated as anti-correlated between the single-lepton CR
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mT(q1, q2) = 2pT1pT2(1 - cosΔφ)
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Triggering on low MET with ISR
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• When Δm➔0
• low MET from back-to-back     . 
• low jet pT  from soft quarks. ~
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• Challenge: How do we trigger?
WIMP DM requires SM recoil

10

mono-jet, mono-V, mono-photon

1

1 Introduction

The existence of dark matter (DM) presents strong evidence for physics beyond the standard
model (SM) [1, 2]. However, there is no experimental evidence of its nongravitational inter-
action with SM particles. The CERN LHC provides an opportunity to probe this interaction
by directly producing DM in proton-proton collisions. In many models, DM particles interact
with SM particles through a spin-0 or spin-1 mediator [3–5]. These interactions can be classified
into four different types, depending on whether the mediator is a vector, axial-vector, scalar,
or a pseudoscalar particle. The spin-0 mediators are assumed to couple to the SM particles via
Yukawa-like couplings. The SM Higgs boson is a specific example of a scalar that may couple
to the DM particles.

If DM and SM particles interact, the former may be pair-produced in the proton-proton colli-
sions at the LHC. While the DM particles would not produce observable signals in the detector,
they may recoil with large transverse momentum pT against additional jets radiated from the
initial state, resulting in an overall transverse momentum imbalance in the collision event. This
is referred to as a ‘monojet’ final state. Figure 1a shows the monojet production mechanism as-
suming a spin-1 mediator (Z’), and it is similar to the SM Z+jets production. The DM particle
pair may also be produced in association with a weak boson resulting in a ‘mono-V’ final state,
where V stands for the W or Z boson. Figure 1b shows the mono-V production diagram for a
spin-1 mediator, and it resembles the SM diboson production. The production mechanism for
a scalar or pseudoscalar mediator (S) is similar to that of the SM Higgs boson, and proceeds
through gluon fusion for the monojet final state and vector boson (W or Z) associated produc-
tion in the case of the mono-V final state, as shown in Figs. 2a and 2b, respectively. Several
searches have been performed at the LHC using the monojet and mono-V channels [6–12].
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Figure 1: Monojet (a) and mono-V (b) production diagrams for a spin-1 mediator.
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Figure 2: Monojet (a) and mono-V (b) production diagrams for a spin-0 mediator.

This physics analysis summary presents the results of a combined search for new physics in
the monojet and mono-V final states. Hadronic decays of the W and Z bosons are targeted in

Coincidental recoil
Monojet Signature

Looking for events with:


• Large MET


• At least one high Pt jet
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• Solution: Initial state radiation 
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20 8 Results and interpretation

8 Results and interpretation

The observed event counts in data and the SM background predictions are summarized in
Figs. 5 and 6, and Tables 5 and 6, for the low and high Dm categories, respectively. The ob-
served data are in general agreement with the predictions. The two search regions with the
most significant discrepancies correspond to the low Dm SR defined by the selection Nb � 2,
mT(b1,2, Emiss

T ) < 175 GeV, pT(ISR) > 500 GeV, pT(b12) < 80 GeV, Emiss
T > 650 GeV, and to

the high Dm SR defined by Nb = 1, mT(b1,2, Emiss
T ) > 175 GeV, Nt � 1, Nres = 0, NW � 1,

Emiss
T > 550 GeV. In these two search regions, the observed excess of data events above the

prediction corresponds to local significances of 2.3 and 1.9 standard deviations, respectively. In
both cases the deviation can be attributed to a statistical fluctuation of the data.
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Figure 5: Observed data events and SM background predictions for the low Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do
not include the effects of the maximum likelihood fit to the data. The ratio of observed data
to prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

The statistical interpretation of the results in terms of exclusion limits for the signal models
we consider is based on a binned likelihood fit to the observed data, which takes into account
the predicted background and signal yields in each SR. The extraction of exclusion limits is
based on a modified frequentist approach with the CLS criterion [84, 85] using the asymptotic
assumption for the test statistic [86, 87]. All SRs, as well as the corresponding CRs, are fit
simultaneously to determine the cross section we exclude at 95% confidence level (CL) for each

∆m<mW selection

44

Basic selection
• N( ) = 0, Nj ≥ 2,  
• Nmerged-top = Nresolved-top  = NW = 0
• MET > 250 GeV
• ISR jet with pT > 200 GeV
• MET significance > 10 GeV1/2 
• minimum mT(b,MET)<175 GeV

(for orthogonality with high Δm)

Classify according to:
• Nb, Nj
• ISR jet pT, bjet sum pT 

• number of secondary vertices
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Figure 6: Observed data events and SM background predictions for the high Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do not
include the effects of the maximum likelihood fit to the data. The ratio of observed data to
prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

signal benchmark point. Signal models for which the 95% CL upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations) are
considered to be excluded by this analysis.

The inclusion of the single-lepton CRs in the likelihood fit ensures that any potential signal
contamination in the CR, based on the corresponding estimated event yields for the given sig-
nal model, is taken into account in the signal cross section excluded by the fit. The systematic
uncertainties assigned to the signal and background predictions are treated as nuisance pa-
rameters in the fit. Statistical uncertainties due to the limited statistics of simulated samples
are uncorrelated between all regions and between all backgrounds. The statistical uncertain-
ties in background predictions for different SRs that are derived from a common control region
are assumed to be correlated.

The experimental uncertainties related to the lepton and th vetoes, b tagging, soft b tagging,
jet energy scale, Emiss

T resolution, pileup reweighting, and the top and W tagging are correlated
across all SRs and for all backgrounds. The uncertainties in the lost-lepton background estimate
corresponding to the variations of its tt and W+jets fractions, or of the choice in simulation of
PDF, aS, and µR/µF are also correlated for all SRs and the single-lepton CRs. Uncertainties
due to the lepton correction factors are treated as anti-correlated between the single-lepton CR
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Figure 6: Observed data events and SM background predictions for the high Dm search regions
with Nb = 0 (top left), Nb = 1 (top right) and Nb � 2 (bottom). The predictions shown do not
include the effects of the maximum likelihood fit to the data. The ratio of observed data to
prediction is shown in the lower panel of each plot. The shaded blue band represents the
statistical and systematic uncertainty on the prediction. Units are in GeV.

signal benchmark point. Signal models for which the 95% CL upper limit on the production
cross section falls below the theoretical cross section (based on NLO+NLL calculations) are
considered to be excluded by this analysis.

The inclusion of the single-lepton CRs in the likelihood fit ensures that any potential signal
contamination in the CR, based on the corresponding estimated event yields for the given sig-
nal model, is taken into account in the signal cross section excluded by the fit. The systematic
uncertainties assigned to the signal and background predictions are treated as nuisance pa-
rameters in the fit. Statistical uncertainties due to the limited statistics of simulated samples
are uncorrelated between all regions and between all backgrounds. The statistical uncertain-
ties in background predictions for different SRs that are derived from a common control region
are assumed to be correlated.

The experimental uncertainties related to the lepton and th vetoes, b tagging, soft b tagging,
jet energy scale, Emiss

T resolution, pileup reweighting, and the top and W tagging are correlated
across all SRs and for all backgrounds. The uncertainties in the lost-lepton background estimate
corresponding to the variations of its tt and W+jets fractions, or of the choice in simulation of
PDF, aS, and µR/µF are also correlated for all SRs and the single-lepton CRs. Uncertainties
due to the lepton correction factors are treated as anti-correlated between the single-lepton CR

SUS-16-049
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

ec±
1 is only 5 GeV greater than that of the ec0

1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap
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Figure 10: Exclusion limits at 95% CL for simplified models of top squark pair production in
the pureet1 ! bff̄0 ec0

1 (“T2ttC”) four-body decay scenario. The solid black curves represent the
observed exclusion contours with respect to NLO+NLL cross section calculations [57] and the
corresponding ±1 standard deviations. The dashed red curves indicate the expected exclusion
contour and the ±1 standard deviations with experimental uncertainties.
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• General searches have good 
sensitivity to top squarks.

• Targeted searches use full decay 
kinematics 
• improve mass reach by 150 GeV
• critical for potential discovery stop production 

cross section 
falls by factor 5!
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• Produce gauge bosons ➔ leptons in 
final state.

Typically

• Search for chargino and neutralino

• Cross sections depend on mixing
• mostly wino, higgsino?
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Lepton kinematics
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Figure 4: The Emiss
T distribution is shown for data compared to the background prediction in

the electroweak on-Z WZ/ZZ (left), and HZ (right) signal regions. The Emiss
T template predic-

tion for each signal region is normalized to the first bin of each distribution, and therefore the
prediction agrees with the data by construction.

Table 3: Predicted and observed event yields are shown for the electroweak on-Z signal re-
gions, for each region and Emiss

T bin defined in Table 1. The uncertainties shown include both
statistical and systematic errors.

WZ/ZZ Emiss
T [GeV] 50-100 100-150 150-250 250-350 350+

Template 773.2±31.9 29.3±4.4 2.9±2.1 1.0±0.7 0.3±0.3
FS 9.4±3.0 11.1±3.6 3.2±1.1 0.1+0.2

�0.1 0.1+0.2
�0.1

Rares 10.4±2.6 14.5±4.0 15.5±5.1 5.0±1.8 2.2±0.9
Sum 793.0±32.2 54.9±7.0 21.6±5.6 6.0±1.9 2.5±0.9
Data 793 57 29 2 0

HZ Emiss
T [GeV] 50-100 100-150 150-250 250+

Template 76.7±9.4 2.9±2.4 0.3±0.2 0.1±0.1
FS 4.2±1.4 4.0±1.4 4.7±1.6 0.9±0.4
Rares 1.1±0.3 0.7±0.2 0.6±0.2 0.3±0.1
Sum 82.0±9.5 7.6±2.8 5.6±1.6 1.3±0.4
Data 82 9 5 1

Z+jets+MET search (Δm>mZ)

52

Backgrounds
• Z+jets with mismeasured jet

• MET shape from γ+jets
• VV: simulation estimate validated in 3  & 4  data
• tt + WW : estimate from e±μ∓

Selection motivation
Leptons e±e∓ or μ±μ∓

MET >100 GeV reduce SM
m( ) consistent with Z

reduce ttNb 0
MT2( ) >80 GeV

Nj >=2
reduce Z+jets

m(jj) < 110 GeV

SUS-16-034

Selection

tt, WW
Z+jets



3 +MET search (Δm~mZ)
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Figure 6: Expected and observed yields comparison in category A (top) and category B (bot-
tom) signal regions, i.e. 3 light flavor leptons including at least one OSSF pair (A) or no OSSF
pair (B), respectively.

Table 13: Category B: Expected and observed yields in events with three e or µ that do not form
an OSSF pair. The uncertainty denotes the total uncertainty on the result.

MT (GeV) Emiss
T (GeV) M`` < 100 GeV M`` � 100 GeV

0 � 120 50 � 100 52 ± 11 47 5 ± 1 2
� 100 23 ± 5 19 1.8 ± 0.7 3

� 120 � 50 31 ± 7 20 4.1 ± 1.0 6

• e±e∓+  or μ±μ∓+

• MET > 50 GeV
• Nb=0 suppresses tt

m( )<75GeV m( )=75-105GeV m( )>105GeV-

SUS-16-039
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Figure 6: Expected and observed yields comparison in category A (top) and category B (bot-
tom) signal regions, i.e. 3 light flavor leptons including at least one OSSF pair (A) or no OSSF
pair (B), respectively.

Table 13: Category B: Expected and observed yields in events with three e or µ that do not form
an OSSF pair. The uncertainty denotes the total uncertainty on the result.

MT (GeV) Emiss
T (GeV) M`` < 100 GeV M`` � 100 GeV

0 � 120 50 � 100 52 ± 11 47 5 ± 1 2
� 100 23 ± 5 19 1.8 ± 0.7 3

� 120 � 50 31 ± 7 20 4.1 ± 1.0 6
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Figure 6: Expected and observed yields comparison in category A (top) and category B (bot-
tom) signal regions, i.e. 3 light flavor leptons including at least one OSSF pair (A) or no OSSF
pair (B), respectively.

Table 13: Category B: Expected and observed yields in events with three e or µ that do not form
an OSSF pair. The uncertainty denotes the total uncertainty on the result.

MT (GeV) Emiss
T (GeV) M`` < 100 GeV M`` � 100 GeV

0 � 120 50 � 100 52 ± 11 47 5 ± 1 2
� 100 23 ± 5 19 1.8 ± 0.7 3

� 120 � 50 31 ± 7 20 4.1 ± 1.0 6

Backgrounds
• WZ estimated with 

MET<100 GeV 
sample

• nonprompt  with 
relaxed  sample

Select

• Categorize by m( ), 
mT( 3, MET), MET.



2 low-pT  + MET (small Δm)
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12 9 Interpretation
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Figure 3: Left: Electroweakino search region for 125 < Emiss
T < 200 GeV (muon only channel)

for 33.2 fb�1; Middle: 200 < Emiss
T < 250 GeV (muon and electron channel) for 35.9 fb�1; Right:

Emiss
T > 250 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from

neutralino-chargino (ec0
2-ec±

1 ) pair production where the mass of the chargino is 150 GeV and
the difference in mass with the lightest neutralino is 20 GeV (TChi150/20).
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Figure 4: Left: et search region for 125 < Emiss
T < 200 GeV (muon only channel) for 33.2 fb�1;

Middle: 200 < Emiss
T < 300 GeV (muon and electron channel) for 35.9 fb�1; Right: Emiss

T >
300 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from et pair
production where the mass of the et is 350 GeV and the difference in mass with the lightest
neutralino is 20 GeV (T2tt350/20).
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for 33.2 fb�1; Middle: 200 < Emiss
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T > 250 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from

neutralino-chargino (ec0
2-ec±

1 ) pair production where the mass of the chargino is 150 GeV and
the difference in mass with the lightest neutralino is 20 GeV (TChi150/20).
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Figure 4: Left: et search region for 125 < Emiss
T < 200 GeV (muon only channel) for 33.2 fb�1;

Middle: 200 < Emiss
T < 300 GeV (muon and electron channel) for 35.9 fb�1; Right: Emiss

T >
300 GeV (muon and electron channel) for 35.9 fb�1. The superimposed signal is from et pair
production where the mass of the et is 350 GeV and the difference in mass with the lightest
neutralino is 20 GeV (T2tt350/20).

MET>250GeV

Selection motivation
Leptons e±e∓ or  μ±μ∓

MET >125 GeV
trigger

Nj (ISR) ≥1
 pT 5-30 GeV

reduce ttNb 0
mT( , MET) < 70 GeV
MET/HT 0.6 - 1.4 reduce QCD

m( ) [4,9], [10.5,50] GeV reduce SM 
 resonances

• Special trigger: 2 muons with pT>3GeV and 
MET>50 GeV (from ISR boost)

• Categorize based on m( ) and MET.

SUS-16-048

• Bkg estimates from data; e.g. VV in mT ctrl sample
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Figure 5: The observed exclusion contours (black curves) assuming the NLO+NNL cross sec-
tions, with the corresponding 1 standard deviation uncertainties for electroweakino (left) and
et (right) search. The dashed (red) curves present the expected limits with 1 standard devia-
tion experimental uncertainties. For the electroweakino search, results are based on a simpli-
fied model of ec0

2 ec
±
0 ! ec0

1 ec0
1Z⇤W⇤ process with a pure Wino production cross section, while

a simplified model of the et pair production, followed by the et ! ec±
1 b and the subsequent

ec±
1 ! ec0

1W⇤ decay is used for the et search. In this last model, the mass of the ec±
1 is set to

be (Met + Mec0
1
)/2. Data corresponds to an integrated luminosity ranging from 33.2 fb�1 to

35.9 fb�1.

NB: assumes wino-like cross section!
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• Going back to previous question: Is
Bino LSP and Wino NLSP realistic?

• At first order yes, any hierarchy is
possible

• However, we need to get comfortable
with the fact, that there are not a
plethora of SUSY particles accessible
at the LHC

• There is no strong reason to believe
either  or  is small

• , on the other hand, is the only
parameter that enters the Higgs
mass calculation at tree level

•  Naturalness requires light
Higgsinos

• Strongest limit on pure Higgsino LSP's
still from LEP II!

• 's excluded up to ~ 95 GeV

The higgsino case

      4        04/09/17         Basil Schneider         Higgsino pMSSM
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Figure 5: The observed exclusion contours (black curves) assuming the NLO+NNL cross sec-
tions, with the corresponding 1 standard deviation uncertainties for electroweakino (left) and
et (right) search. The dashed (red) curves present the expected limits with 1 standard devia-
tion experimental uncertainties. For the electroweakino search, results are based on a simpli-
fied model of ec0

2 ec
±
0 ! ec0

1 ec0
1Z⇤W⇤ process with a pure Wino production cross section, while

a simplified model of the et pair production, followed by the et ! ec±
1 b and the subsequent

ec±
1 ! ec0

1W⇤ decay is used for the et search. In this last model, the mass of the ec±
1 is set to

be (Met + Mec0
1
)/2. Data corresponds to an integrated luminosity ranging from 33.2 fb�1 to

35.9 fb�1.

http://lepsusy.web.cern.ch/
lepsusy/Welcome.html

At Δm=10 GeV:
• LEP limit is 100 GeV.
• CMS wino limit 

rescaled to higgsino 
xsec is 130 GeV.L. Shchutska rescaling, 

Moriond 2017

Only now pushing 
beyond LEP limits!

Higgsino exclusion



Natural SUSY scenario #2
“Effective SUSY”: decoupled 1st/2nd gen. squarks 

Buckley, Feld, M
acaluso, M

onteux &
 D

S 1610.08059 
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• Allowed phase space for 10% fine 
tuning with low Λ=20TeV.

Implication for natural SUSY

Naturalness bounds

For Higgsinos, naturalness sets a direct and simple bound on their mass:

For gluinos and squarks, the bound depends on the messenger scale:
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(leading log approximation!)

Expect light Higgsinos!

Buckley, Feld, Macaluso, Monteux, 
Shih; arXiv:1610.08059

• Λ=GUT scale implies 0.5% fine tuning.

• Accept <1% fine tuning?

• Reconsider naturalness metric?
 H.Baer et al. arXiv:1611.08511 

• Hide SUSY with stealth SUSY, R-parity 
violation?

• Other naturalness mechanism: Twin 
Higgs, Neutral Naturalness?

Options:
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We are just getting started

Now: 75 fb-1



Detector
Upgrades

Trigger 
•include track info at L1
•L1 output 750 kHz
•HLT output 7.5 kHz

New tracker
40MHz selective 
readout for trigger
extend η coverage

ECAL:  full 40MHz readout

HCAL: new SiPM 
photosensors and 
readout electronics

Muon system: new readout 
electronics, extend η coverage

60

~30ps time resolution

New endcap calorimeters
•high granularity
•~30ps timing resolution

Precision MIP timing
•barrel / endcap layers 
•measure MIP time with 
~30ps resolution



Dark Ma
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Figure 5: The projected 5s discovery reach for a simplified model describing gluino production,
with each gluino decaying to a tt̄ pair and an LSP, for 300 fb�1 (dashed curves) and 3000 fb�1

(solid curves). The discovery reach is shown for hPUi = 0 (black) and hPUi = 140 (magenda).

those of events with larger b-tag multiplicities. To correct for any residual dependencies, we
assign correction factors (kCS) from simulation. The uncertainty of these factors is of the order
of 30% and mainly caused by the limited statistics of the Delphes samples.

Figure 5 illustrates the 5s discovery potential for a center-of-mass energy
p

s = 14 TeV and
an integrated luminosity of 300 fb�1 and 3000 fb�1. The discovery range of gluinos can be
enhanced by 300 GeV for from 300 fb�1 to 3000 fb�1 up to 2.2 TeV, for a c0

1 with mass of up to
1.2 TeV. The mass reach is mitigated due to pileup by about 100 GeV.

5 EWKino search with final states including three leptons and

missing transverse energy

Searches for the direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross section and low hadronic activities in the event. The mass reach
for weakly-produced SUSY particles is generally weaker than that for the strongly-produced
SUSY particles; however, the large integrated luminosity expected from HL-LHC would allow
extending our sensitivity to weakly-produced SUSY particles significantly. In this section, fu-
ture sensitivities of the analysis designed to discover the direct production of charginos (c±

1 )
and neutralinos (c0

2), that decay via a W and Z boson, are presented based on a CMS 8 TeV
search [12]. Depending on the actual flavor structure of the c0

2, the concurrent c0
2 decay mode

can also be c0
2 ! Hc0

1. However, as a baseline for this study we assume the simplified model
presented in Fig. 6 with Br(c0

2 ! Zc0
1) = 100%. In order to reduce the background as efficiently

as possible, we concentrate on the decays where both bosons decay leptonically, leading to a
final state with three leptons.

We select muons and electrons with a transverse momentum of at least pT > 10 GeV. The
leading lepton is required to have pT > 20 GeV, corresponding to the trigger thresholds in

FTR-13-014

• ℓℓ

A higgsino projection for the future
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whole new sensitivity to an unprobed before at the LHC SUSY scenario is opened!
new result =) no official projections to HL-LHC (yet)
p
L scaling leads to 230 GeV @ �m = 7.5 GeV with 3000/fb

14 / 17CMS-PAS-SUS-16-048

L. Shchutska projection, Moriond 2017

SUSY reach at HL-LHC

Higgsino reach 230 GeV 
for small Δm.

2σ sensitivity
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16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

• 50% uncertainty and >2σ sensitivity for 
Higgs self-coupling in pp ➔ HH ➔ bbγγ.

• Relative precison on signal strengths (range for assumptions on uncertainties):

14 Higgs working group report

Table 1-12. The numbers of predicted Higgs events produced in 3000 fb�1 at 14 TeV in di↵erent
production processes and decay modes for mH = 125 GeV. Experimental sensitivity to these production
modes and decays varies widely, see text. Here ` = e, µ.
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H ! µµ 32,934 2,759 1,570 403 37,667

H ! Z� ! ``� 15,090 1,264 720 185 17,258

H ! all 149,700,000 12,540,000 7,140,000 1,833,000 171,213,000

Table 1-13. Expected relative precisions on the signal strengths of di↵erent Higgs decay final states as
well as the 95% CL upper limit on the Higgs branching ratio to the invisible decay from the ZH search
estimated by ATLAS and CMS. The ranges are not comparable between ATLAS and CMS. For ATLAS,
they correspond to the cases with and without theoretical uncertainties while for CMS they represent two
scenarios of systematic uncertainties.

R
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CMS

300 6� 12% 6� 11% 7� 11% 11� 14% 8� 14% 40� 42% 62� 62% < 17� 28%

3000 4� 8% 4� 7% 4� 7% 5� 7% 5� 8% 14� 20% 20� 24% < 6� 17%

Community Planning Study: Snowmass 2013
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• BR (H ➔ BSM) < 7%.

In ATLAS+CMS HL-LHC combination 
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• We continue to sail west.
• No land in sight, but perhaps just 

over the horizon?

• We continue to unearth the H0.
• Learned much already, but require 

HL-LHC to fully excavate the H0.
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experimental systematic uncertainties in the signal are taken into account for this calculation. All the
regions of the multi-bin analysis are statistically combined to set model-dependent upper limits on the
Gbb, Gtt and variable branching ratio models.

The 95% CL observed and expected exclusion limits for the Gbb and Gtt models are shown in the LSP
and gluino mass plane in Figures 10(a) and 10(b), respectively. The ±1�SUSY

theory lines around the observed
limits are obtained by changing the SUSY cross-section by one standard deviation (±1�), as described in
Section 4. The yellow band around the expected limit shows the ±1� uncertainty, including all statistical
and systematic uncertainties except the theoretical uncertainties in the SUSY cross-section. The increase
in integrated luminosity leads to an expected improvement of more than (200 GeV) 300 GeV in the gluino
mass sensitivity of the current search compared to the previous results [14], assuming massless LSPs in
the Gbb (Gtt) models. Gluinos with masses below 1.92 (1.97) TeV are excluded at 95% CL for neutralino
masses lower than 300 GeV in the Gbb (Gtt) model. The observed limit for the Gtt model at high gluino
mass is significantly weaker than the expected limits due to the mild excesses observed in the signal
regions SR-0L-HH and SR-1L-HI of the multi-bin fit analysis. The best exclusion limit on the LSP mass
is approximately 1.19 (1.20) TeV, which is reached for a gluino mass of approximately 1.68 (1.40) TeV
for Gtt and Gbb models, respectively.
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Figure 10: Exclusion limits in the �̃0
1 and g̃ mass plane for (a) the Gbb and (b) the Gtt models obtained in the

context of the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits,
respectively. The shaded bands around the expected limits show the impact of the experimental and background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainty. The 95% CL expected and observed limits from the
ATLAS search based on 2015 data [14] are also shown.

Limits are also set in the signal model described in Section 2 for which the branching ratios of the gluinos
to tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0

1), tt̄ �̃0
1, and bb̄ �̃0

1 are allowed to vary, with a unitarity constraint applied on the
sum of the three branching ratios. For a m( �̃0

1) = 1 GeV, all branching ratio configurations are excluded
at 95% CL for a gluino with a mass of 1.5 TeV, while no configuration is excluded for a hypothesis of
m(g̃) = 2.1 TeV, despite an expected exclusion at 95% CL for BR(g̃ ! tt̄ �̃0

1) > 75%. For an intermediate
gluino mass of 1.9 TeV, this analysis is expected to be sensitive to most of the configuration, except for
BR(g̃ ! tb �̃0

1) > 10%. Nevertheless, due to the mild excess observed in SR-0L-HH and SR-1L-HI, the
observed limits are looser and all configurations in which BR(g̃ ! tb �̃0

1) < 40% are excluded.
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regions of the multi-bin analysis are statistically combined to set model-dependent upper limits on the
Gbb, Gtt and variable branching ratio models.

The 95% CL observed and expected exclusion limits for the Gbb and Gtt models are shown in the LSP
and gluino mass plane in Figures 10(a) and 10(b), respectively. The ±1�SUSY
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1 and g̃ mass plane for (a) the Gbb and (b) the Gtt models obtained in the

context of the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits,
respectively. The shaded bands around the expected limits show the impact of the experimental and background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainty. The 95% CL expected and observed limits from the
ATLAS search based on 2015 data [14] are also shown.

Limits are also set in the signal model described in Section 2 for which the branching ratios of the gluinos
to tb �̃±1 (with �̃±1 ! f f̄ 0 �̃0

1), tt̄ �̃0
1, and bb̄ �̃0

1 are allowed to vary, with a unitarity constraint applied on the
sum of the three branching ratios. For a m( �̃0

1) = 1 GeV, all branching ratio configurations are excluded
at 95% CL for a gluino with a mass of 1.5 TeV, while no configuration is excluded for a hypothesis of
m(g̃) = 2.1 TeV, despite an expected exclusion at 95% CL for BR(g̃ ! tt̄ �̃0

1) > 75%. For an intermediate
gluino mass of 1.9 TeV, this analysis is expected to be sensitive to most of the configuration, except for
BR(g̃ ! tb �̃0

1) > 10%. Nevertheless, due to the mild excess observed in SR-0L-HH and SR-1L-HI, the
observed limits are looser and all configurations in which BR(g̃ ! tb �̃0

1) < 40% are excluded.
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ttH with H➔γγ and H➔4

Signal exp. Bkg exp. Observed μ σ
H➔γγ 1.1 2.7 few 1.9 +1.5 -1.2
H➔4 0.5 0.3 0 0 +1.2 -0.0

ttH, H � γγ: example  
Moriond EWK, 2017 G. Petrucciani (CERN) 5 

γγ data in the ttH leptonic category 

S B[±2σγγ] 
ATLAS 1.4 2.8(*) 

CMS 1.1 2.7(*) 

(*) my approximation; see backup 

results 
Moriond EWK, 2017 G. Petrucciani (CERN) 6 

μ σ(all) σ(stat) σ(syst) 

ATLAS γγ 
CONF-2016-068, 13.3 fb−1 

−0.3 +1.2 +1.2 +0.2 
−1.0 −1.0 −0.2 

CMS γγ 
PAS HIG-16-020, 12.9 fb−1 

1.9 +1.5 
−1.2 

CMS 4ℓ 
PAS HIG-16-041, 35.9 fb−1 

0.0 +1.2* 

−0.0* 
* 

m4ℓ  [118, 130] 
signal 0.5 

bkg. 0.3 
data 0 

(*)  −2ΔlnL = 1 interval 
with μ ≥ 0 constraint  

HIG-16-020 HIG-16-041
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10.2 Fiducial cross section 17

from the lepton is less than 0.35 · pT. In order to reduce the experimental uncertainties, jets with
with pT > 30 GeV and |h| < 2.5 are considered for the differential cross sections related to jet
observables. An increase in model dependence compared to Ref. [18] is observed when using
the ZZ candidate selection at reconstruction level where the the candidate with the best Dkin

bkg
discriminant value is chosen. Therefore the fiducial cross section measurement is performed
using the event selection algorithm in Ref. [18]. Specifically the Z1 candidate is chosen to be the
one with m(Z1) closest to the nominal Z boson mass, and in cases where multiple Z2 candidates
satisfy all criteria, the pair of leptons with the largest sum of the transverse momenta magni-
tudes is chosen. The full fiducial volume definition is detailed in Table 4 and the acceptance for
various SM production modes is given in Table 5.

Table 4: Summary of requirements and selections used in the definition of the fiducial phase
space for the H ! 4` cross section measurements.

Requirements for the H ! 4` fiducial phase space
Lepton kinematics and isolation

Leading lepton pT pT > 20 GeV
Next-to-leading lepton pT pT > 10 GeV
Additional electrons (muons) pT pT > 7(5) GeV
Pseudorapidity of electrons (muons) |h| < 2.5(2.4)
Sum of scalar pT of all stable particles within DR < 0.3 from lepton < 0.35 · pT

Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z1 candidate 40 GeV < mZ1 < 120 GeV
Inv. mass of the Z2 candidate 12 GeV < mZ2 < 120 GeV
Distance between selected four leptons DR(`i, `j) > 0.02 for any i 6= j
Inv. mass of any opposite sign lepton pair m`+`0� > 4 GeV
Inv. mass of the selected four leptons 105 GeV < m4` < 140 GeV

A maximum likelihood fit of the signal and background parameterizations to the observed 4`
mass distribution, Nobs(m4`), is performed to extract the integrated fiducial cross section for
pp ! H ! 4` (sfid). The fit is done inclusive (i.e. without any event categorization) and does
not use the Dkin

bkg observable in order to minimize the model dependence. The fit is performed
simultaneously in all final states and assumes a Higgs boson mass of mH = 125.0 GeV, and
the branching ratio of the Higgs boson to different final states (4e, 4µ, 2e2µ) is allowed to float.
Systematic uncertainties are included in the form of nuisance parameters and the results are
obtained using an asymptotic approach [55] with a test statistic based on the profile likelihood
ratio [56]. This procedure accounts for the unfolding of detector effects from the observed
distributions and is the same as in Refs. [18] and [57].

The number of expected events in each final state f and in each bin i of a considered observable
is expressed as a function of m4` as:

Nf,i
obs(m4`) = Nf,i

fid(m4`) + Nf,i
nonfid(m4`) + Nf,i

nonres(m4`) + Nf,i
bkg(m4`)

= ef
i,j ·

⇣
1 + f f,i

nonfid

⌘
· s

f,j
fid · L · Pres(m4`)

+ Nf,i
nonres · Pnonres(m4`) + Nf,i

bkg · Pbkg(m4`),

(7)

The shape of the resonant signal contribution, Pres(m4`), is described by a double-sided Crystal
Ball function as described in Section 8, and the normalization is proportional to the fiducial

H ➔ 4  fiducial phase space
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Transverse mass
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Fig. 9. The distribution of the transverse mass derived from the 
measured electron and neutrino vectors of the six electron events. 

clusive electron spectrum and using full QCD smearing 
gives m w = (74+_ 4) GeV/c 2 . The method finally used 
is the one of  correcting, on an event-to-event basis, for 
the transverse W motion from the (E v - Ee) imbalance, 
and using the Drell-Yan predictions with no smearing. 
The result of  a fit on electron angle and energy and 
neutrino transverse energy with allowance for system- 
atic errors, is 

m w = (81 +s - 5) GeV/c2 

in excellent agreement with the expectation of  the 
Weinberg-Salam model [2]. 

We find that the number of  observed events, once 
detection efficiencies are taken into account, is in 
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Fig. 10. The transverse momentum distribution of the W de- 
rived from our events, using the electron and missing-energy 
vectors. This is compared with the theoretical predictions of 
Halzen et al. [8] for W production without [0(%)] and with 
QCD smearing. 

agreement with the cross-section estimates based on 
structure functions, scaling violations, and the Wein- 
berg-Salam parameters for the W particle [5]. 
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rived from our events, using the electron and missing-energy 
vectors. This is compared with the theoretical predictions of 
Halzen et al. [8] for W production without [0(%)] and with 
QCD smearing. 

agreement with the cross-section estimates based on 
structure functions, scaling violations, and the Wein- 
berg-Salam parameters for the W particle [5]. 
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p(T e) = 13.3 GeV/c. Requiring (i) extrapolation to the 
energy of the events, (ii) fragmentation functions for 
leading lepton, and (iii) a detection hole for all remain- 
ing particles, makes the rate of these background 
events negligible. 

In conclusion, we have been unable to find a back- 
ground process capable of simulating the observed 
high-energy electrons. Thus we are led to the conclu- 
sion that they are electrons. Likewise we have searched 
for backgrounds capable of simulating large-E T neu- 
trino events. Again, none of the processes considered 
appear to be even near to becoming competitive. 

10. Comparison between events and expectations 
from W decays. The simultaneous presence of an elec- 
tron and (one) neutrino of approximately equal and 
opposite momenta in the transverse direction (fig. 8) 
suggests the presence of a two-body decay, W ~ e + v e. 
The main kinematical quantities of the events are given 
in table 3. A lower, model-independent bound to the 
W mass m w can be obtained from the transverse mass, 
m 2 = 2p~) p(Tv) (1 --cos ~bve),remarking that m w/> m T 
(fig. 9). We conclude that: 

m w > 73 GeV/c 2 (90% confidence level). 

A better accuracy can be obtained from the data if 
one assumes W decay kinematics and standard V - A 
couplings. The transverse momentum distribution of 
the W at production also plays a role. We can either 
(i) extract it from the events (table 3); or, (ii) use the- 
oretical predictions [8]. 
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Fig. 8. The missing transverse energy component parallel to 
the electron, plotted versus the transverse electron energy for 
the final six electron events without jets (5 gondolas, 1 bouchon) 
All the events in the gondolas appear well above the threshold 
cuts used in the searches. 

As one can see from fig. 10, there is good agreement 
between two extreme assumptions of a theoretical 
model [8] and our observations. By requiring no asso- 
ciated jet, we may have actually biased our sample to- 
wards the narrower first-order curve. Fitting of the in- 

Table 3 
Transverse mass and transverse momentum of a W decaying into an electron and a neutrino computed from the events of table 2. 

Run, event p(T e) of p(T v) = Transverse mass p(T w) ~) +n(,(.. v)' 
= [ P l  r l  ' 

electron missing E T (GeV/c) 2 (GeV) 
(GeV/c) (GeV) 

A 2958 24±0.6 24.4±4.6 48.4±4.6 0.6±4,6 
1279 

B 3522 17±0.4 10.9±4.0 26,5±4.6 10.8±4.0 
214 

C 3524 34±0.8 41.3±3.6 74.8±3.4 8.6±3.7 
197 

D 3610 38±1.0 40.0±2.0 78.0±2.2 2.1±2.2 
760 

E 3701 37±1.0 35.5±4.3 72.4±4.5 4.7±4.4 
305 

F 4017 36±0,7 32.3±2.4 68.2±2.6 3,8±2.5 
838 
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Panda-X limit at 1 TeV 



72

H ➔ BSM

BSMB
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Λ
2 

ln
 

−

0

1

2

3

4

5

6

7

8

9

Run 1 LHC
CMS and ATLAS ]BSM, Bγκ, gκ, bκ, τκ, tκ, Wκ, Zκ[

Observed
SM expected

Figure 16: Observed (solid line) and expected (dashed line) negative log-likelihood scan of BBSM, shown for the
combination of ATLAS and CMS when allowing additional BSM contributions to the Higgs boson width. The
results are shown for the parameterisation with the assumptions that |V |  1 and BBSM � 0 in Fig. 15. All
the other parameters of interest from the list in the legend are also varied in the minimisation procedure. The red
horizontal line at 3.84 indicates the log-likelihood variation corresponding to the 95% CL upper limit, as discussed
in Section 3.2.

6.2. Parameterisation assuming SM structure of the loops and no BSM decays

In this section it is assumed that there are no new particles in the loops entering ggF production and
H ! �� decay. This assumption is supported by the measurements of the e↵ective coupling modifiers
g and �, which are consistent with the SM predictions. The cross section for ggF production and the
branching fraction for the H ! �� decay are expressed in terms of the coupling modifiers of the SM
particles in the loops, as indicated in Table 4. This leads to a parameterisation with six free coupling
modifiers: W , Z , t, ⌧, b, and µ; the results of the H ! µµ analysis are included for this specific case.
In this more constrained fit, it is also assumed that BBSM = 0.

Figure 18 and Table 18 show the results of the fit for the combination of ATLAS and CMS, and separately
for each experiment. Compared to the results from the fitted decay signal strengths (Table 13) or the global
signal strength µ = 1.09 ± 0.11 (Section 5.1), this fit yields values of the coupling modifiers lower than
those predicted by the SM. This is a consequence of the low value of b, as measured by the combination
of ATLAS and CMS and by each experiment. A low value of b decreases the total Higgs boson width
through the dominant �bb partial decay width, and, as a consequence, the measured values of all the
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CMS Standard Model Results
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� Photons and electrons shower in 
high Z material 

� ECAL is a Homogenous calorimeter 
� Lead tungstate (PbWO4) crystals: 

2.3 x 2.3 x 23 cm3 

� ~76,000  crystals 
� Radiation hard, dense, and fast 
� Magnetic field and radiation require 

novel electronics APD and VPT 
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32 6 Jet Energy Calibration
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Figure 28: Total jet-energy-scale uncertainty, as a function of jet pT for various � values.

18 6 Missing transverse energy scale and resolution

�

�

CMS

Figure 13: Calibrated E/ x,y resolution versus calibrated PF � ET for Calo E/T, TC E/T, and PF E/T
in data and in simulation.
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Figure 14: PF E/T distributions in 2-, 3-, and 4-jet events, in selected Calo � ET bins.

We investigate the effect of pile-up using multijet samples, �, and Z data.519

6.5.1 Studies of pile-up effects using photon and Z events520

In this section, we use samples containing a vector boson to measure the effect of pile-up on the521

scale and resolution of a component of �E/T. Figure 15 shows the ratio of the responses measured522

in � events containing 1 PV and at least 2 PVs. The ratio of the responses of the component of523

the measured �E/T along the boson direction is close to one, as expected. It is slightly larger at524

low qT when pile-up is present. This is expected, as pile-up can reduce energy lost due to zero525

suppression in the readout of the calorimeter if energy from a pile-up interaction and from526

the hard scattering are both in the same readout channel. If the sum is larger than the zero527

suppression thresholds, more of the energy from the hard scattering is recorded.528

Figure 16 shows the resolution versus the qT of the � for the components of the hadronic recoil529

parallel and perpendicular to the boson direction for 1, 2, and 3 reconstructed PVs. Also shown530

CERN-PH-EP-2011-051

CERN-PH-EP-2011-102

Jets, MET, PFlow



���������	
� ��������	��

�����
��������������������������������	��

�����
������������������������ �

���

]2 invariant mass [GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
Ev

en
ts

 / 
( 0

.0
05

 G
eV

/c
0

5000

10000

15000

20000

25000

30000

35000

40000

]2 invariant mass [GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
Ev

en
ts

 / 
( 0

.0
05

 G
eV

/c
0

5000

10000

15000

20000

25000

30000

35000

40000
 = 7 TeVsCMS Preliminary,  -1 = 40 pbintL

2= 31 MeV/cσ

|y| < 1.4

data
signal+background
background-only

sig = 31.4 ± 0.2 (stat.)

M = 3.0968 ± 0.0001 (stat.)

52 9 Muon Trigger

Figure 35: Single-muon trigger efficiencies for Tight Muons as a function of the Tight Muon pT
in the barrel (top) and the overlap-endcap (bottom) regions. The measurements are done with
the tag-and-probe method, using J/⇤ ⇤ µ+µ� events for pT below 20 GeV/c and Z ⇤ µ+µ�

events above. The efficiencies are shown for the following triggers: Level-1 with pT > 7 GeV/c
threshold (left), HLT with pT threshold at 9 GeV/c for pT below 20 GeV/c and at 15 GeV/c above
(centre), and the combination of the above Level-1 and HLT triggers (right). The efficiencies in
data (points with error bars) are compared with predictions from the simulation (±1⇥ bands);
the uncertainties are statistical only.

efficiency is about 45%. Most of the losses are due to the underestimation of pT by the Level-1
pT-assignment algorithm described in Section 9.1.1; this algorithm has been modified during
the 2010–11 winter technical stop of the LHC to yield higher efficiency for muons with pT larger
than 20 GeV/c. The difference between the measured and predicted average plateau efficiencies
(see Table 8) is within 0.5% for the HLT and of the order of 2–3% for the Level-1.

To estimate the effect of multiple interactions on the muon trigger performance, the measure-
ment of the efficiency at the plateau is performed as a function of the number of reconstructed
primary vertices in the event. Just as for muon identification, no loss in efficiency has been
observed for events containing up to six reconstructed primary vertices.

9.1.3 Systematic uncertainties

The studies of systematic uncertainties in the data-to-simulation ratios of trigger efficiencies
closely followed those performed for the muon reconstruction and identification efficiencies
(Section 5.1.3) and focused on lineshape modelling and background subtraction.

The efficiencies obtained by applying the tag-and-probe method to the simulated samples of
muons are compared with the “true” efficiencies computed by simple counting of the passing
and failing probes in simulated J/⇤ ⇤ µ+µ� and Z ⇤ µ+µ� events. The results are in good

Muon performance


