
H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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CMS detector at Run II
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Cooling -20 ºC

4th muon station 
(RPC)

New beam pipe

HCAL new photosensors

New luminometer

DAQ and HLT:
new CPU

upgraded trigger
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Run II dataset
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Proton - proton data at 13 TeV
Recorded at 0 T: 1 fb-1 
Recorded at 3.8 T : 2.8 fb-1 

Data certification, 3.8 T: 
- Good for all: 2.2 fb-1 
- With |eta|<3 for jets and mET: 2.6 fb-1 
- Good for muons: 2.7 fb-1

Pb-pb data
- 5.02 TeV/nucleon (collision energy doubled) 
- 0.56nb-1 recorded (4x more than in 2011) 
- Analyses ongoing

Fraction of active channels >97%
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CMS Magnet status
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- Before Run II starts it was realised that the performance of the cryogenic system 
feeding Liquide He to the magnet was severely impaired by a contamination of 
the Cold box

- Thanks to efforts from CERN cryogenic and technical departments working with 
CMS technical coordination, the impact was limited, allowing to collect ~3/4 of the 
2015 delivered luminosity with full magnetic field 

Magnet / cryogenic system revision during YETS 2015-2016:
- Cold box cleaning with special solvent was successful 
- 370g of compressor oil removed. All evidence consistent with this being the 

source of instabilities in 2015. 
- Oil filters (surface of compressor hall), old oil removal system and coalescers 

dismounted 
- All new components delivered 
- Reconnection and testing procedure is lengthy and must be done rigorously 

before connecting to new He transfer line leading underground the cold box 
- Estimate “magnet ready” in week of 25 April
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Reconstruction in a nutshell
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Turn-on curve: 2012 - 2015 comparison
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Caption:
Electron trigger e�ciency at L1 (EG
threshold: 20 GeV E

T

) as a function of the
o�ine reconstructed electron transverse
energy (E

T

) for electrons in Barrel ECAL
from 2012 (black dots) and 2015 data (red
dots).
In addition to the new ECAL response
correction strategy, the new ECAL
calibrations have been applied at L1 trigger
level during 2015 data taking. The higher
p

T

granularity of these new calibrations
explains the shift of the turn-on curve.
An unbinned likelihood fit was used.

ECAL trigger performance plots February 19, 2016 7 / 18
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Commissioning for AK4 jets

The CSVv2 discriminator for ak4 jets in events fulfilling the top quark pair event 
selection. The filled circles correspond to the data recorded in 2015. The stacked, 
coloured histograms indicate the contributions of different jet flavours. In each histogram, 
the rightmost bin includes all events from the overflow, while the underflow is added to the 
first bin. The operating point values for the loose, medium and tight tagging criteria are 
set to 0.605, 0.890, 0.970, respectively.

b-tagging scale 
factors (March)

LHC Jamboree 2015: Dimuon mass distribution collected with various dimuon triggers, during 
the 25ns running period at 13 TeV in 2015. The coloured paths correspond to dedicated dimuon 
triggers with low pT thresholds, in specific mass windows, while the light gray continuous 
distribution represents events collected with a dimuon trigger with high pT thresholds.
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Relative	electron	(ECAL)	energy	resolution	unfolded	 in	bins	of	pseudo-rapidity	η	for	the	barrel	and	the	endcaps.	
Electrons	from	Z→e+e-	decays	are	used.	The	resolution	is	shown	for	low	bremsstrahlung	electrons	(R9>0.94	with	
R9=E3x3/ESupercluster).The	resolution	σE/E	is	extracted	from	an	unbinned	likelihood	fit	to	Z→ee	events,	using	a	Breit-
Wigner	function	convoluted	with	a	Gaussian	as	the	signal	model.	The	resolution	is	plotted	separately	for	data	and	
MC	events.	The	MC	 is	generated	assuming	the	calibration	precision	that	was	achieved	with	the	amount	of	data	
collected	in	Run1	(~20_-1).	
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Winter2015-2016 re-reconstruction, R

ECAL	energy	resolution	with	Z→e+e-	

Improved ECAL 
calibration (March)

02/03/2016 LHCC Open Session, Matteo Sani 33

Jets and MET

Intensive work to provide updated jet

energy corrections:

– Stability in jet response vs eta and pT similar

to Run I;

– Data/MC agreement is satisfactory in all

components;

– Strong Improvement in HF with rereco;

– Residual data/MC correction in Prompt vs

Rereco mostly within 5%.

Missing energy resolution simulated

Z→mm/ee events:

– Excellent agreement between channels.

PromptReco

ReReco

particle flow
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Standard model measurements at 13 TeV
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Standard model QCD Jets production
SMP-15-007
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- Measurement with prescaled 
high level triggers as low as pT 
> 60 GeV 

- Jet energy scale uncertainty 
1-2% (central region) to 8% 
(forward region) 

Comparison with theory
- Good agreement with NLO 

predictions corrected with non-
perturbative correction (some 
tension at high rapidity)
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B-hadron production
BPH-16-003
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- Cross section of B+→J/Ψ K+ (with J/Ψ→μμ) vs pT and η compared to 
FONLL predictions and 7 TeV CMS data 

- Good agreement with theory up to 100 GeV
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Standard model W and Z bosons
SMP-15-004, SMP-15-010, SMP-15-011
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Measure QCD Z and W production
- Inclusively 
- Z+jets differential in pT, rapidity and jets 
- Overall good agreement with NLO 

predictions (aMC@NLO, POWHEG)
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Standard model WZ and ZZ production
SMP-15-005, SMP-15-006
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ZZ WZ

6 References

and other three leptons with pT > 10 GeV, all with |h| < 2.5, 60 < mZ1,Z2 < 120 GeV, and
m``0 > 4 GeV, where ``0 represents all possible pairs of oppositely-charged leptons, regardless
of their flavor.

The signal strength is derived from a combined fit to the number of observed events in all final
states. The likelihood is a combination of individual channel likelihoods for the signal and
background hypotheses with the statistical and systematic uncertainties in the form of scaling
nuisance parameters. The signal strength given by this fit across all channels is scaled by the
cross section used in the simulation to find the measured fiducial ZZ ! 2`2`0 (`, `0 = e, µ) cross
section

sfid(pp ! ZZ ! 4`) = 38.0+6.7
�6.0 (stat)+1.5

�1.2 (syst) ± 1.7 (lum) fb. (2)

To obtain the total ZZ cross section , the measured fiducial cross section is corrected for the
acceptance of the fiducial selections, estimated from simulation, and the Z ! `` branching
fraction of 3.37% [23].

s(pp ! ZZ) = 16.7+2.9
�2.6 (stat)+0.7

�0.5 (syst) ± 0.3 (theo)± 0.8 (lum)pb. (3)

The measured total cross section can be compared to the theoretical value of 16.5+0.7
�0.5 pb [10],

calculated with NNPDF3.0 PDF and renormalization and factorization scales set to µR = µF =
MZ/2 or 15.4+0.5

�0.4 pb, predicted by MCFM with fixed scales µR = µF = MZ using the MSTW2008
PDF set [24]. The latter setup was used for comparison in Refs. [1, 2].
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Decay Nexp
WZ Background Background Total Observed

channel Datadriven Monte Carlo expected
eee 28.4 ± 0.5 14.1 ± 2.3 7.9 ± 0.9 50.4 ± 2.5 39
eeµ 32.5 ± 0.5 13.7 ± 1.9 6.3 ± 0.3 52.5 ± 2.0 49
µµe 39.1 ± 0.5 22.3 ± 2.5 10.3 ± 0.9 71.7 ± 2.7 74
µµµ 46.7 ± 0.9 18.8 ± 1.9 8.1 ± 0.3 73.6 ± 2.0 69
Total 146.6 ± 1.0 69.0 ± 4.4 32.6 ± 1.3 248.2 ± 4.7 231

Table 1: The observed and expected yields of WZ events, and estimated yield of background
events obtained from data driven method as explained in the text shown for each decay channel
together with the prompt leptons background, estimated from simulation.

t decays is taken into account in the efficiency of the detector selections.

To include all final states in the cross section calculation a simultaneous fit on the number of
observed events in all decay channels is performed. The likelihood is written as a combination
of individual channel likelihoods for the signal and background hypotheses with the statistical
and systematical uncertainties in form of scaling nuisance parameters.

The fiducial WZ ! `n`0`0 cross section for one lepton from Z with pT > 20 GeV, other lepton
from Z with pT > 10 GeV, the lepton from W with pT > 20 GeV and all leptons with |h| < 2.5,
and 60 < mZ < 120 GeV is

sfid(pp ! WZ ! `n`0`0) = 239 ± 29 (stat)+52
�40 (syst) ± 11 (lum) fb. (2)

and corresponding total cross section

s(pp ! WZ) = 36.8 ± 4.6 (stat)+8.1
�6.2 (syst) ± 0.6 (theo)± 1.7 (lum)pb. (3)

The measured cross sections can be compared to the theoretical values of 274+13
�8 fb for the

fiducial cross section and 42.7+1.6
�0.8 pb for the total cross section calculated with MCFM 7.0 [20]

at NLO with NNPDF3.0 PDF with dynamic renormalization and factorization scales set to
µR = µF = mWZ. The uncertainty is obtained by varying the factorization and renormalization
scales from 1

2 µR to 2µR.

9 Summary

The WZ production cross section is measured in proton-proton collisions at
p

s = 13 TeV with
the CMS experiment at the LHC using a data sample corresponding to an integrated luminosity
of 1.34 fb�1. The measurement is performed in the leptonic decay modes WZ ! `n`0`0, where
`, `0 = e, µ. The measured cross section s(pp ! WZ) = 36.8 ± 4.6 (stat)+8.1

�6.2 (syst) ± 0.6 (theo)±
1.7 (lum)pb, for Z boson produced in the mass region 60 < mZ < 120 GeV, is consistent with
with the NLO expectation of 42.7+1.6

�0.8 pb.
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Re-establish QCD diboson production (background to Higgs boson searches)

ZZ→4l WZ→3lν
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ttbar and single top cross section
TOP-16-008, TOP-16-011, TOP-16-003
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Figure 4: Normalized differential tt̄ production cross section as a function of the pt
T (top) and

yt (bottom) of the top quarks or antiquarks. The inner (outer) error bars indicate the statistical
(combined statistical and systematic) uncertainty. The data are compared to predictions from
POWHEG V2 + PYTHIA8, MG5 aMC@NLO + PYTHIA8 [FxFx], MG5 aMC@NLO + PYTHIA8
[MLM], and POWHEG V2 + HERWIG++ (left), and to beyond-NLO QCD calculations [17–20]
(right), when available.

- TTbar Cross section increase (13 TeV 
relative to 8TeV) : x3.3

- TTbar differential cross section measured 
in lepton+jets and dilepton channels 

- Single top: t-channel is dominant at the 
LHC (s-channel and tW amount to 20% of 
single top)

12 References

 [TeV]s
2 4 6 8 10 12 14

-c
ha

nn
el

 to
ta

l c
ro

ss
 s

ec
tio

n 
[p

b]
t

1

10

210

 )-1 9.7 fb≤Tevatron 1.96 TeV (L 
arXiv:1503.05027

 )-1CMS 7 TeV (L = 1.17/1.56 fb
JHEP 12 (2012) 035

 )-1CMS 8 TeV (L = 19.7 fb
JHEP 06 (2014) 090

 )-1CMS 13 TeV (L = 2.3 fb
CMS-TOP-16-003, preliminary

CMS

Preliminary

 PDF)⊕ (scale ±NLO+NNLL QCD 
Kidonakis, Phys. Rev. D 83 (2011) 091503 

  

   

Figure 5: The t channel single top quark cross section summary of the most precise CMS mea-
surements in comparison with NLO+NNLL QCD calculations. The Tevatron measurements
are also shown.

The inclusive result is used to determine the absolute value of the CKM matrix element |Vtb|,
assuming that the other relevant matrix elements (|Vtd| and |Vts|) are much smaller than|Vtb|:

|fLVVtb| =
s

st�ch.

sth
t�ch.

,

where sth
t�ch. = 216.99+6.62

�4.64 (scale) ± 6.16 (PDF) pb [17] is the SM predicted value assuming
|Vtb| = 1. Possible presence of an anomalous Wtb coupling is taken into account by the anoma-
lous form factor fLV, which is 1 for the SM and deviates from 1 for BSM:

|fLVVtb| = 1.02 ± 0.07(exp.)± 0.02(theo.),

where the first uncertainty contains all uncertainties on the cross section measurement, and the
second uncertainty is the uncertainty on the theoretical SM prediction.

7 Summary

A measurement of the inclusive cross section of single top-quark production in the t channel
has been presented. In addition, the cross sections for the production of single top quarks and
single top anti-quarks have been measured separately. The measured result can be used to
calculate a value of the CKM matrix element |Vtb|. All measurements are in agreement with
recent theory predictions for the standard model.

References

[1] CDF Collaboration, “First Observation of Electroweak Single Top Quark Production”,
Phys. Rev. Lett. 103 (2009) 092002, doi:10.1103/PhysRevLett.103.092002,
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ttbar+Z production
TOP-16-009

12

3l 4l

- Background to ttH multi lepton searches 
- At 13 TeV, cross section x4 relative to 8 TeV 
- Analysis counting events classified by jets/b-jets multiplicity, 

in 3l and 4l final state

Observation at 13 TeV
(was discovered at 8 TeV)

14 7 Conclusions

Table 3: ttZ in three-lepton final states: predicted signal and background event yields in Njets =
3 category. The first and second uncertainty values are statistical and systematic, respectively.

Njets = 3
Process Nbjets = 0 Nbjets = 1 Nbjets � 2

WZ 7.67 ± 0.32±1.53 3.88 ± 0.24±0.78 0.73 ± 0.10±0.15
ttX 0.23 ± 0.04±0.06 0.95 ± 0.07±0.24± 0.94 ± 0.08±0.24

Non-prompt 1.82 ± 0.72±0.55 3.80 ± 1.04±1.14 0.21 ± 0.19±0.06
Rare 2.16 ± 0.56±1.08 0.88 ± 0.13±0.44 1.03 ± 0.67±0.52

Background 11.89 ± 0.97±1.96 9.51 ± 1.08±1.47 2.91 ± 0.71±0.59
ttZ 0.41 ± 0.10±0.07 2.50 ± 0.19±0.13 1.99 ± 0.18±0.17

Predicted 12.30 ± 0.97±1.96 12.01 ± 1.10±1.47 4.91 ± 0.73±0.61
Data 17 9 5

Table 4: ttZ in three-lepton final states: predicted signal and background event yields in Njets �
4 category. The first and second uncertainty values are statistical and systematic, respectively.

Njets � 4
Process Nbjets = 0 Nbjets = 1 Nbjets � 2

WZ 1.88 ± 0.16±0.38 1.48 ± 0.15±0.30 0.82 ± 0.12±0.16
ttX 0.06 ± 0.02±0.01 0.40 ± 0.07±0.10 0.78 ± 0.08±0.19

Non-prompt 1.56 ± 0.62±0.47 1.26 ± 0.85±0.38 0.72 ± 0.53±0.22
Rare 0.78 ± 0.24±0.39 0.33 ± 0.03±0.16 0.16 ± 0.02±0.08

Background 4.27 ± 0.69±0.72 3.46 ± 0.87±0.52 2.48 ± 0.55±0.34
ttZ 0.59 ± 0.10±0.10 2.29 ± 0.22±0.23 5.58 ± 0.32±0.45

Predicted 4.87 ± 0.69±0.72 5.74 ± 0.89±0.57 8.06 ± 0.64±0.57
Data 4 9 10

background-only hypothesis.

The profile likelihood ratio test statistic q(r) = �2L(r, q̂r)/L(r̂, q̂) is used to extract the asymp-
totic best-fit cross section, the associated uncertainties and the significance of the observation
of the signal process [23]. Here, q̂r are the values for nuisance parameters which maximize the
likelihood function for signal strength r. The quantities r̂ and q̂ are the values that simultane-
ously maximise L.

We find an expected signal significance of 2.9 and 1.2 standard deviations from the background-
only hypothesis in the 3- and 4-lepton channels, respectively. The observed significance is 3.5
and 0.9 respectively and the predicted and observed yields in each analysis category are shown
in Fig. 7 and 8 for three-lepton and four-lepton analyses, respectively. The combined signifi-
cance of the 3- and 4-lepton channels together is 3.1 (expected) and 3.6 (observed), as detailed
in Tab. 6. The measured signal strength parameter is found to be 1.27 +0.42

�0.37(stat.) +0.20
�0.17(sys).

This value is multiplied with the MG5 AMC@NLO ttZ cross section mentioned in Sec. 2.1,
where the cross section is corrected for the branching ratio [24], to obtain the measured cross
section of ttZ:

s(pp ! ttZ) = 1065 +352
�313(stat.) +168

�142(sys.) fb

7 Conclusions
A measurement of top quark pair production in association with a Z boson using 13 TeV CMS
data has been presented. The analysis is performed in three-lepton and four-lepton final states,
and these two are combined to extract the cross section of the ttZ. The ttZ three-lepton chan-

1

1 Introduction
The restart of the CERN LHC at an unprecedented center-of-mass energy of 13 TeV allows the
study of signatures with mass scales higher than ever before. A top quark pair produced in
association with a Z boson (ttZ) constitutes the heaviest set of particles that could be observed
in the so far accumulated dataset of 2.7 fb�1. The dominant production mechanism for this
process is shown in Fig. 1. The Standard Model (SM) prediction for ttZ production cross section
in pp collisions at next-to-leading order is s(ttZ) = 839.3+80

�92(scale) +25
�25(pdf) +25

�25(as) fb in the
Standard Model (SM) in 13 TeV collisions [1, 2]. This is approximately 4 times higher than the
cross section at 8 TeV. It provides the most accessible direct measurement of the top quark
coupling to the Z boson.

Figure 1: The leading order Feynman diagram for ttZ production at the LHC.

The ttZ cross section was first measured by the CMS experiment in 7 TeV collisions, with a pre-
cision of about 50% [3]. Measurements in events containing two, three or four leptons in 8 TeV
collisions at CMS used elaborate multivariate techniques and have constrained s(ttZ) to within
25% of its SM value using a dataset of 19.5 fb�1 [4, 5]. Evidence of ttZ production was found
at 6.4 standard deviations from the background-only hypothesis. The ATLAS experiment used
events containing two to four leptons achieving a similar precision [6].

In this work, we present the first evidence of ttZ production and measurement of the ttZ cross
section at 13 TeV. We target events in which the associated W bosons originating from a top
quark decays semi-leptonically or leptonically and the Z boson decays to two charged leptons
(Z ! ``), where (`) refers to an electron or a muon. The ttZ process is measured in channels
with three or four leptons, with a pair of same-flavour opposite-sign leptons with an invariant
mass close to the Z boson mass.

2 Event samples and object selection
2.1 Event samples

This analysis uses the proton-proton collision data set corresponding to an integrated luminos-
ity of 2.7 fb�1 collected in 2015 by the CMS detector. The collision events are selected by online
triggers that require the presence of at least one electron or muon, with a transverse momentum
greater than 23 and 20 GeV respectively.

Simulations are used to estimate some of the backgrounds, as well as to calculate the selection
efficiency for the ttZ signal events. ttZ, ttW, ttH, ttg, tZq, WWZ, WZZ and ZZZ samples are
generated with the MG5 AMC@NLO [7] program and are interfaced to PYTHIA v8.2 [8, 9] to
simulate parton showering, hadronization, and the underlying event. These events are pro-
cessed with a GEANT4-based model [10] of the CMS detector. The NLO POWHEG v2 [11, 12]
generator is used for the production of diboson (WZ and ZZ) processes. For the signal ttZ (g⇤)
cross section we use 252.9 fb computed at NLO by MG5 AMC@NLO for M(``) > 10 GeV and

NLO predictions
Observation
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Higgs boson physics at 13 TeV

13

DRAFT

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±

Figure 12: Best-fit results for the decay signal strengths for the combination of ATLAS and CMS. Also shown for
completeness are the results for each experiment. The error bars indicate the 1� intervals.

The rather large measured value of the combined µt tH leads to a tension between the observed ggF signal608

strength and that for ttH production in cases such as the fit of the decay signal strengths, for which the609

production cross sections are constrained to their SM values. This is mitigated to a certain extent by610

a non-negligible pull of the gluon PDF nuisance parameter used for the Higgs boson signal, which is611

anti-correlated between ggF and ttH production. This pull reduces the SM prediction of �ggF and, as a612

consequence, the decay signal strengths of the channels mainly sensitive to ggF production are enhanced613

for the combination of ATLAS and CMS. In the case of the H ! �� decay channel, which is mostly614

sensitive to ggF production and for which the measurements of the two experiments are much closer to615

each other than their overall uncertainty, this e�ect is the most visible one, but corresponds to only ⇠ 10%616

of the total uncertainty.617

From the combined likelihood scans it is possible to evaluate the significances for the observation of the618

di�erent production processes and decay channels. The combination of the data from the two experiments619

increases the sensitivity by approximately a factor of
p

2, since the theoretical uncertainties on the Higgs620

10th September 2015 – 12:18 29
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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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H→ZZ→4l
HIG-15-004

Signature: 4e, 2e2μ, 4μ
-  Need momentum as low as pT>7 GeV 

(electrons) and pT>5 GeV (muons) to not loose 
too much efficiency missing the 4th lepton

Z→4l: 
control 
region

H→ZZ*→4l:
-Very good s/b~2
-2D analysis 

ZZ→4l region: was used to constrain 
Higgs boson width (Run I)

Main backgrounds: ZZ 
continuum, Z+jets, ttbar
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H→ZZ→4l
HIG-15-004

Analysis:
- Untagged: Kinematic discriminant, Matrix element 
based, trained against non-resonant background 
- VBF: Fischer discriminant using jet information, 
trained against gluon fusion signal

- μ=0.82+0.57-0.43 at 125.09 GeV
- 2.5σ obs (3.4σ expected) 
- Best fit mass 123.4+0.8-0.7 GeV: agreement 

within 1.6σ with Run I LHC measurement

Fiducial cross section:
- Correct yield in a 
fiducial region for 
detector effects

Available on the CERN CDS information server CMS PAS HIG-15-004

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2016/03/18

Studies of Higgs boson production in the four-lepton final
state at

p
s = 13 TeV

The CMS Collaboration

Abstract

Studies of Higgs boson production are presented using the H ! ZZ ! 4` (` =
e, µ) decay channel. These studies are performed using a data sample corresponding
to an integrated luminosity of 2.8 fb�1 of pp collisions at a center-of-mass energy
of 13 TeV collected by the CMS experiment at the LHC during 2015. The observed
significance for the standard model Higgs boson with mH = 125.09 GeV is 2.5s, where
the expected significance is 3.4s. The model independent fiducial cross section is
measured to be sfid. = 2.48+1.48

�1.14(stat. � sys.)+0.01
�0.04(model dep.) fb. In addition, a search

for an additional Higgs boson is performed for a range of masses up to 1 TeV and with
various widths, and no significant excess is observed. The results of this search are
interpreted in the context of the two Higgs doublet model.
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H→γγ analysis
HIG-15-005

16

- Look for small signal peak (BR~0.2%) over 
large background

-Photon energy resolution 1-2 GeV 
depending on categories: calibration is crucial

-Vertex finding among pileup vertices helps 
improving identification and resolution 

-Photon identification: reject jets faking photons 
with shower shape and isolation using BDT

See talk from Camilo 
Carrillo later this afternoon
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H→γγ results
HIG-15-005

Sensitivity from mass fit
- Untagged, VBF, ttH categories 
- μ=0.7+0.47-0.42 at 125.09 GeV
- 1.7σ obs (2.7σ expected)

Categories with 
Diphoton BDT:  
- Mass independant 
 - Kinematics, vertexing, 
PhotonId output, energy 
resolution variables
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

18

ttH,H→γγ
HIG-15-005

2 ttH categories: hadronic and leptonic
- Tighten photon pT/m requirement (ttH harder than ggh) 
 -  Control region with inverted photonId

ttH hadronic/leptonic 
combined: μ=3.8+4.5-3.6

ttH hadronic tag: 0 
lepton, ≥5 jets, ≥1 b-tag

ttH leptonic tag: ≥1 
lepton, ≥2 jets, ≥1 b-tag

8 TeV
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ttH multilepton
HIG-15-008
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Analysis targeting 2 lepton same-sign (2lss) and ≥3 
leptons (3l)
- Same sign: ≥4 jets, ≥1 b-tag 
- 3 leptons:  ≥2 jets, ≥1 b-tag 
- Backrounds: tt+W/Z, tt+jets (same-sign required to 

reduce Drell-Yan and ttZ) 
- Background normalisation from control region: 

loosened identification (fakes), Z to ll (mis-charge)

- Lepton identification with a BDT 
using shape, isolation and 
overlapping jet information

2l+fake 
control 
region

Collaboration IPHC - PKU: 
Jing Li (PhD student)
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ttH multilepton
HIG-15-008
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Analysis sensitivity:
- Train 2 BDTs, against ttbar and ttW/Z
- 2D BDT analysis : 5 bins (2lss), 3 bins (3l)
- Measure combined μ=0.6+1.4-1.1

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 41

ttH(multilepton) Categories

> 16 sub-categories – increase sensitivity due to different S+B composition
! Lepton flavour: different background compositions, and fake contributions (charge flips only 

in electrons)

! Lepton charge: Charge asymmetry of several backgrounds

! Presence of 2 b-tags: Non-tt backgrounds

! Presence of hadronic τ: ttH(ττ) with low backgrounds
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ttH,H→bb
HIG-16-004

Analysis targeting lepton+jets and dileptons
- l+jets: =1 lepton, ≥4 jets, ≥2 b-tag 

- Includes boosted jets for the first time (fat jet substructure) 
- 2l: 2 opposite sign lepton, ≥3 jets, ≥2 b-tag

BDT BDT BDT BDT

BDT
BDT

- dilepton

MEM 
in BDT

MEM 
in BDT

MEM 
in BDT

MEM 
in BDT

2D MEM 
vs BDT

2D MEM 
vs BDT

2D MEM 
vs BDT

Mass resolution ~10%, jet 
combinatorics: use multivariate 
methods in jet/b-jet categories 
- BDT
- Matrix Element Method (MEM)

- lepton+jets
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

ttH,H→bb
HIG-16-004

22

More data is 
needed for an 
observation

Example of 
discriminants for 
two categories
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Double Higgs production
HIG-16-002, HIG-16-011

23

HH→bbWW→bb2l2v
- First time this analysis 

is done at LHC 
- Cut and count after 

selection on a 
kinematic BDT 

- Too early to reach 
sensitivity to SM triple 
Higgs coupling: 
constrain BSM models

bb2l2v

HH→4b
- Performs especially 

good at high HH mass

G. Bagliesi - HH Workshop - 18-20/1 Lyon

Run1 results

11

Model “independent” limits

Low mass MX<~ 1 TeV
HIG-13-032: H→hh→ᶕᶕbb
HIG-14-013: H→hh→4b
HIG-13-025: H→hh→multilepton
HIG-14-034: H→hh→bbᷠᷠ
HIG-15-013: H→hh→bbᷠᷠ

High mass MX> 1 TeV
EXO-15-008: H→hh→bbᷠᷠ
EXO-12-053: H→hh→4b

You will see a much more detailed 
description of those analyses and of 
Run2 plans during this workshop 

Here the basic analysis principles and 
reference for run1 results will be given 

8 TeV

4b

Limits not yet at the 
Run I sensitivity
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Beyond standard model searches
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Supersymmetry: 2 opposite sign leptons
SUS-15-011

25

2 opposite sign leptons + jets + mET

- Same-flavour background measured from data 
in opposite flavour sample (mainly ttbar) 

- Drell-Yan background estimated from ETmiss 
template method in γ+jets control sample 

- No significant excess observed in 13 TeV data 
- More data needed to exclude CMS Run I excess

8 TeV “edge”
(scaled)

- “edge” analysis: CMS excess seen 
at run I was 2.6σ 

- On-Z : ATLAS saw 3σ excess at Run I

8 TeV

13 TeV
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Supersymmetry: gluino/stop searches
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Robert Bainbridge,     Les Rencontres de Physique de la Vallée d'Aoste,     La Thuile, 11th March 2016

Data set collected in 2015 @ 13 TeV
Data samples collected in 2015 correspond to Lint = ~2.2 fb-1 

Sufficient luminosity to extend reach for gluinos and squarks

5

gluino
squark
stop/sbottom

Friday, 11 March 16
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Supersymmetry: gluino/stop searches
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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A large number of SUSY analyses already 
public
Analyses with best sensitivity to strong 
production are all-hadronic, for instance:
HTmiss analysis (SUS-15-002)
- At least 4 jets, large HT (scale sum pT of jets), 

large HTmiss (vector sum of jets momenta) 
- Many search regions in number of jets, b-jets, 

HT and HTmiss 
MT2 analysis (SUS-15-003)
- Similar strategy, using an transverse mass-

like variable

- Exclusion limits on gluino up to < 1.7 TeV, 
for simplified models and low LSP mass: 
significantly exceeds Run I limits

- Stops limits are similar to 8 TeV (~same 
number of events expected)
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Search for W’ or Z’ resonances
EXO-15-005, EXO-15-006

28
Z’ exclusion: 2.4 →2.7 TeV (8 to 13 TeV)

W’ exclusion: 3.0→4.3 TeV 
(8 to 13 TeV) 

μμ μ+mET
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Diboson high mass searches
EXO-15-002

29

Run I: 2σ excess near 1.8-2.0 TeV
- Repeat searches using most sensitive categories: 

hadronic and semi-leptonic 
- Boosted W/Z-jets reconstructed with anti-kt 0.8 

algorithm, further identified with jet substructure 
- Categorization in dijet mass for optimal sensitivity to 

WW,WZ,ZZ signals 
- 13 TeV: no excess found around 2 TeV, more data 

needed to exclude run I excess

WW→lvj+jj WZ→lvj+jj ZZ→jj

Search for diboson resonances 
• Run 1: CMS a2s excess near 1.8-2.0 TeV 
• Repeat search at 13 TeV using most sensitive 

channels: lnJ, JJ 
• Analysis categorized in dijet mass for  

optimal sensitivity to WW, WZ, ZZ signals 
• 13 TeV: no excess observed in the region of 

interest near 2 TeV 
• More data needed to fully exclude Run 1 excess 

 
 

30 
15/12/2015 CMS Collaboration - 13 TeV Results 

EXO-15-002 

Run 1 

GBulkÆWW (lνJ+JJ) GBulkÆZZ (JJ) W’ÆWZ (lνJ+JJ) 
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High mass searches with diphotons
EXO-16-018

Analysis updated since December Jamboree
- New ECAL calibration: 

- resolution improved by ~30% (10% better 
analysis sensitivity) 

- Includes data with no magnetic field: 0.6 fb-1
=> 0T improves also sensitivity by 10% 

- Updated calibration: 1% difference in energy 
scale correction relative to 3.8T  

- 0T Vertexing: simple track 
counting, 60% efficient (90% 
efficient at 3.8T) 

- 0T photon identification: 
efficiency similar at high photon pT
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High mass searches with diphotons
EXO-16-018

Excess driven by category 
with two photons in the 
barrel, at 3.8 T

Mass fit with 

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 22

Interpretation of the results (2)Interpretation of the results (2)

Background model:

Parametric function of mgg: 

Independent shape for each of the category.
Coe<cients treated as unconstrained nuisance parameters.

Possible mismodelling studied on simulation and explicit uncertainty 
added to the 5t.

Frequentist hypotheses tests.

Test statitics: based on LHC-type likelihood ratio.

Upper limits set based on CLs method.

Background hypothesis rejection evaluated through background-only p-value.

Asymptotic formulas used throughout
(validity tested for a subset of the calculations using sampling distributions).

- parameters as nuisance 
parameters 

- Possible mismodeling 
accounted in the 
systematic uncertainties
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High mass searches with diphotons
EXO-16-018

Largest excess: mX=760 GeV and Γ/m=1.4x10-4

- Interpretation: spin 0 and spin 2 resonance
- Compatibility between 0T and 3.8T datasets

Combination with 8 TeV:
- Local p-value: 3.4σ
- Global p-value: 1.6σ
- Compatibility with excess 

seen at 8 TeV, scaled by 
J=0 cross-section ratio 
(x4.2)
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Conclusions

Standard model measurements
- Standard model program at 13 TeV well started : first (differential) cross sections, 

vector bosons and top quark production 

Higgs boson physics
- First measurements available (diphoton, ZZ), more data needed for a rediscovery 

at 13 TeV 
- ttH analyses in main channels are ready, more data is also needed here 

Beyond standard model searches
- A large number of SUSY analyses pushing limits in strong production are available 
- Some Run I excesses did not show up (yet?) at 13 TeV 
- Further analysis of diphoton shows a modest excess at 760 GeV 

Many more CMS analyses are public and were not presented in this talk ! 

2016 data taking period will start soon: hopefully it will tell us more about the 
Higgs coupling to fermions, a possible new resonance and maybe some other 
surprises !



Back-up slides
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ECAL laser monitoringHistory	of	relative	response	

2
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Charged particles and the “ridge”
FSQ-15-001, FSQ-15-002

36

Measurement of pseudo-rapidity 
of charged hadrons (dN/dη)
- Data consistent with expected 
center of mass energy 
dependence

Two-particle correlation 
- In events with high track multiplicity 

Ntk>105 
- Confirms presence of a ridge-like 

structure, similar to Pb-Pb
Jet correlationRidge
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Underlying event 
• Measurements of underlying event activity at 13 TeV 

compared to previous measurements at lower 
energies 

• Data in reasonable (10-20%) agreement with tested 
tunes; critical input for future improvements  

15 
15/12/2015 CMS Collaboration - 13 TeV Results 

FSQ-15-007 

Particle densities Energy densities 

Underlying event
FSQ-15-007, TOP-15-017
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t-channel single top
TOP-16-003

38

1

1 Introduction

Top quarks are produced in large amounts in LHC’s proton proton collisions at 13 TeV centre-
of-mass energy. Although the pairwise production of top quark and antiquark via the strong
interaction is the dominating source for top quarks at the LHC, much insight into the standard
model of elementary particles (SM) can also be gained by analyzing the electroweak produc-
tion of single top quarks. These processes provide a unique testing ground for the study of
electroweak processes, specifically the tWb vertex, as well as the measurement of the CKM ma-
trix element Vtb. The single top quark mode was firstly discovered at the Tevatron [1, 2] and was
studied at higher energies [3–7] at the CERN LHC [8]. At the LHC the dominant production
mechanism is the t channel process. The other two processes, W-associated (tW) production
and production via the s channel, amount to about 20% of the total single top quark produc-
tion cross section [9]. The t channel production mode, presented in Fig. 1, is the one with the
most distinct final states because of the presence, within detector acceptance, of a light quark
recoiling against the top quark. The CMS collaboration has performed several measurements
of this process using the LHC Run I data [5, 10–12]. This analysis superseeds the results of
another analysis using only the very first 13 TeV data [13].

The calculation of t channel single top quark production can be performed in two different
schemes [14–16]. In the five-flavour scheme (5FS) b quarks are considered as coming from the
incoming proton and the LO diagram is a 2!2 process (Fig. 1(a)), while in the four-flavour
scheme (4FS) b quarks are not present in the initial state, and the LO diagrams are 2!3 pro-
cesses (Fig. 1(b)).

(a) (b)

Figure 1: Feynman diagrams for single top quark production in the t channel: (a) 2!2 and (b)
2!3 processes.

The next-to-leading-order (NLO) calculations with HATHOR v2.1 [17] in the five-flavor scheme
result in

st-ch.,t = 136.02 +4.09
�2.92 (scale)± 3.52 (PDF) pb ,

st-ch.,t̄ = 80.95 +2.53
�1.71 (scale)± 3.18 (PDF) pb ,

st-ch. = 216.99 +6.62
�4.64 (scale)± 6.16 (PDF)pb

for the t channel production cross section at 13 TeV.
Calculations at next-to-next-to-leading-order (NNLO) [18] predict

st-ch.,t = 134.0 +0.7
�0.6 (scale)pb,

st-ch.,t̄ = 80.5 +0.3
�0.6 (scale)pb.

In addition, reference [19] provides cross section predictions at NLO with next-to-next-to-
leading logarithms (NNLL) considered as a function of the centre-of-mass energy.

- t-channel is dominant at the LHC (s-channel and 
tW amount to 20% of single top)

- Analysis with muon+jets final state
- Statistical treatment : fit of neural network output 

in each jet/b-jet category
- Most important variable: |η| of light jet (forward in 

t-channel)

8 5 Systematic uncertainties
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Figure 3: Neural network distributions for all (left), positively (middle) and negatively charged
muons (right) normalized to the yields obtained from the simultaneous fit in the 2j1t (top), 3j1t
(middle) and 3j2t region (bottom). The shaded areas indicate the post-fit uncertainties.

• b-tagging: b tagging and misidentification efficiencies are estimated from control
samples in 13 TeV data [41]. Scale factors are applied to the simulated samples to re-
produce efficiencies observed in data and the corresponding uncertainties are prop-
agated as systematic uncertainties.

• Muon trigger and reconstruction: Single-muon trigger efficiency and reconstruc-
tion efficiency are estimated with a “tag and probe” method [42] from Drell–Yan
events under the Z boson mass peak. The uncertainty on such efficiencies has been
conservatively taken in a way to cover the effect of the different kinematics in Drell–
Yan events and in the single top quark enriched samples, as well as the dependence
of the efficiencies on the amount of pileup.

Experimental uncertainties - not profiled

• Limited size of samples of simulated events: To account for the limited number of
available simulated events the fit is performed using the Barlow-Beeston method.
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Figure 5: The t channel single top quark cross section summary of the most precise CMS mea-
surements in comparison with NLO+NNLL QCD calculations. The Tevatron measurements
are also shown.

The inclusive result is used to determine the absolute value of the CKM matrix element |Vtb|,
assuming that the other relevant matrix elements (|Vtd| and |Vts|) are much smaller than|Vtb|:

|fLVVtb| =
s

st�ch.

sth
t�ch.

,

where sth
t�ch. = 216.99+6.62

�4.64 (scale) ± 6.16 (PDF) pb [17] is the SM predicted value assuming
|Vtb| = 1. Possible presence of an anomalous Wtb coupling is taken into account by the anoma-
lous form factor fLV, which is 1 for the SM and deviates from 1 for BSM:

|fLVVtb| = 1.02 ± 0.07(exp.)± 0.02(theo.),

where the first uncertainty contains all uncertainties on the cross section measurement, and the
second uncertainty is the uncertainty on the theoretical SM prediction.

7 Summary

A measurement of the inclusive cross section of single top-quark production in the t channel
has been presented. In addition, the cross sections for the production of single top quarks and
single top anti-quarks have been measured separately. The measured result can be used to
calculate a value of the CKM matrix element |Vtb|. All measurements are in agreement with
recent theory predictions for the standard model.
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High mass Higgs boson searches
HIG-15-004, HIG-16-001

39

H→ZZ→4l

H→ZZ→2l2v

Various searches performed at high Higgs mass
- H→ZZ→4l with various width, and in 2HDM 

- No event beyond 600 GeV 
- H→ZZ→2l2v in 2HDM models 

- No excess found up to 1500 GeV

H→ZZ→2l2v
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Supersymmetry: 2 same sign leptons
SUS-15-008

40

2 same sign leptons + mET

Limits within 
simplified model: 
(high lepton pT) Model 

independent: 
XS > 1.5 fb-1

- Searching for excesses in high and low 
pT signal regions, low/high mET, low/high HT
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Generic dark matter searches
EXO-15-003, B2G-15-007

41

Final states: jet+mET, b+mET
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Trigger upgrade

2015.07.16 Andrea Bocci - Trigger for LHC Physics 44

2009 – 2012

2015.07.16 Andrea Bocci - Trigger for LHC Physics 45

2015

2015.07.16 Andrea Bocci - Trigger for LHC Physics 46

2016 – …

µTCA boards with Virtex 7 FPGAs 
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CMS news from YETS 2015-2016

43

Level 1 Trigger “stage 2” upgrade:
- Faster readout with coarse granularity : new hardware for improved performance 
- uTCA global muon trigger: 

- select 8 leading muon candidates 
- Muon fake rate reduction x2-3 with similar efficiency 

- L1 Calo trigger:
- Layer 1: build trigger towers from ECAL and HCAL inputs, applied position 

and energy dependent calibrations 
- Layer 2 : implements pattern recognition (jets,e,gamma,tau) and computes 

global quantities (mET, HT…) 

Tracker: No major intervention, new calibration started. 
ECAL: refurbishment of low voltage power supplies. Units installed and operated. 
HCAL: several maintenance tasks. Commissioning of uTCA trigger. 
Muon system: testing ongoing of the new crates  

All detectors participating in mid-week global runs


