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overview
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* the road to High Luminosity LHC (el Dorado)!
!
* ATLAS and CMS upgrade to cope with the HL LHC challenges!
!
* Higgs Physics priorities at HL LHC!
— couplings projections!
— rare decays!
— pair production!
!
* what could still be in the “visible” range!
— VV scattering
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where it all (really) happens

* at the Large Hadron Collider, 100 m deep

CMS

ATLAS
SUSY Tahoe Lake 27th August ’15
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High Lumi LHC: time scale

* experiments survived Run I and LS 1 without being damaged by their own constructors!
* new data at 13 TeV start accumulating (slowly, but steadily)!
* experiments and LHC will have a major upgrade during LS3 !
* from mid 2026 (probably 2027) we can talk about HL-LHC data!
* goal: deliver 200 to 300 fb-1  a year!
* many results that your will see in the next slides are quoting 3000 fb-1, nice dream :) 

50 ns BX 25 ns BX

increase !
energyPU ~ 40 PU ~ 50 PU ~ 50 PU ≥ 50 PU ~ 140
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Integrated Luminosity at 8 TeV and 13 TeV

Good for Physics: 19.7 fb-1

eff: 89% eff: 84.5% 

* in more realistic numbers:!
— you would need to scale down!
ATLAS results to 2670 fb-1!

CMS results to 2535 fb-1!

!
— or as alternative: we “only” 
have to keep HL-LHC running for 
2 more years to really reach !
3000 fb-1
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from LHC
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to HL LHC
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Interaction Regions !
(~ 2022)!
* detectors!
* low 𝝱 quad’s!
* crab cavities…

SPS upgrades ( ~2022)!
* anti e-cloud coating!
* RF!
* impedance

Linac 4!
* with a “first” beam already in March 2013

Booster ( ~2018)!
* upgrade energy 1.4 to 2 GeV
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and the detectors…

SUSY Tahoe Lake 27th August ’15

will have to face an expected average number of 
~140 PU

* here is “only” a 78 PV example in an event from 
high‐pileup run at 8 TeV in CMS
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… will have a different DNA than before

SUSY Tahoe Lake 27th August ’15

* Forward Muon Spectrometer:!
— new small wheel (nSW)!
* L1‐trigger: high precision calorimeter!
* L2‐trigger: fast tracking (FTK)!
* new forward diffractive physics!
detectors (AFP)

LS 2

* Pixel detector: add Layer 4 and squeeze 
Layer 1 radius!
* HCAL electronics!
* L1 trigger upgrade!
* GEM: forward muon

* new Tracker (Silicon)!
* Calorimeter electronics upgrade!
* Muon System upgrade!
* L0/L1 trigger architecture with!
L1‐Track Trigger!
* Forward Calorimeter upgrade

LS 3

* complete Tracker replacement!
* L1‐Track Trigger!
* forward regions: improve!
tracking, calorimetry, muon ID!
* High precision timing for PU mitigation!
* Trigger upgrade!
* DAQ upgrade

ATLAS

CMS

they will almost !
look like twins
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ATLAS
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and now forget the old ATLAS

SUSY Tahoe Lake 27th August ’15

Muon Spectrometer:!
— extension to |η| < 4

new Tracker:!
— extend coverage to |η| < 4!
— L0/L1 trigger architecture with!
L1‐Track Trigger

sFCal:!
— improve segmentation!
— reduce pulse length for  !
 3.1 < |η| < 4.9

EMEC/FCAL:!
— segmented timing 
detectors in front of for  !
 2.5 < |η| < 4
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CMS
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and now forget the old CMS

SUSY Tahoe Lake 27th August ’15

new Tracker:!
— radiation hard, high granularity, less material budget!
— include tracks in L1 trigger!
— extend coverage to |η| < 4

Muon System:!
— new DT FE electronics!
— extend RPC coverage in forward region!
— extend Muon tagging to |η| < 3

barrel ECAL:!
— new FE electronics!
— cool detector/APDs

End Cap Calorimeters:!
— radiation hard, !
high granularity

Tigger & DAQ:!
— L1 rate ~750 kHz (with Tracks)!
— L1 latency 12.5 𝛍s!
— HLT stream rate 7.5 kHz!
(right now at 2 kHz Tier0 guys are 
calling us to slow it down :) )

Others:!
— fast timing for in-time 
pileup suppression
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what can we improve with all these…

SUSY Tahoe Lake 27th August ’15
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Figure 10.4: Four lepton mass distributions obtained with 3000 fb�1 for the signal sample,
H ! ZZ ! 4`, and for the irreducible ZZ ! 4` background. Both processes have been
simulated with the aged Phase-I detector with pileup of 140 and the Phase-II detector with
pileup of 140. The bottom right plot shows the sum of all 4` final states.
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Figure 10.5: The cut flow table for the full analysis chain is shown for the Phase-II detector with
pileup of 140, parametrized with Delphes, for the signal sample H ! ZZ⇤ ! 4µ for various
hypotheses of the muon detector coverage.

namely through studies of the decay to b-quarks and tau-leptons [221]. The HL-LHC will give
unique access to Higgs boson couplings to second-generation fermions. Measurements of the
couplings of the Higgs boson to the second generation are more challenging, as a result of their
smaller values and hence smaller experimental rates. The most promising channel is the search

LHC Run I after HL LHC

* alone, an extension to |η| < 3 gives 20% more acceptance!
!
* after all, the Higgs signal becomes dominant and Higgs to ZZ 
can be used as reference for additional studies

one example from !
CMS

294 Chapter 10. Exploring the High Luminosity LHC Physics Program
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Figure 10.5: The cut flow table for the full analysis chain is shown for the Phase-II detector with
pileup of 140, parametrized with Delphes, for the signal sample H ! ZZ⇤ ! 4µ for various
hypotheses of the muon detector coverage.

namely through studies of the decay to b-quarks and tau-leptons [221]. The HL-LHC will give
unique access to Higgs boson couplings to second-generation fermions. Measurements of the
couplings of the Higgs boson to the second generation are more challenging, as a result of their
smaller values and hence smaller experimental rates. The most promising channel is the search
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… and more…
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Figure 10.1: Overview of measurements enabled by Phase-II detector upgrades.

The HL-LHC physics program will build on the experience acquired, and the results obtained,
in the first phase of the LHC operation. Independent of potential discoveries in this first pe-
riod, the physics program will continue the quest to answer fundamental questions in particle
physics. The ten times larger dataset of the HL-LHC will open new opportunities and trans-
form the field.

The strategy is therefore to perform precision measurements of SM phenomena including the
study of the Higgs boson and other processes sensitive to new physics, of BSM phenomena
in case of a discovery, and to search directly for new physics. At the HL-LHC the tested pa-
rameter space is increased significantly in mass reach and in coupling strength. To explore the
data delivered by the HL-LHC fully, it is crucial to maintain excellent quality of the detector
performance throughout the lifetime of the experiment.

A number of examples of measurements are addressed below and a summary is given in the
table shown in Figure 10.1. The selected measurements are enabled by the proposed upgrades
of the CMS detector, namely the upgrade of the tracking system with an extension of the pseu-
dorapidity coverage, the increase trigger bandwidth and the capabilities of the track trigger,
the upgrades to the barrel and the replacement of the endcap calorimeter, and the extension
of the muon system in pseudorapidity coverage. We begin the discussion with a study of the
Higgs sector and vector boson scattering before we move to searches for SUSY and more exotic
new physics possibilities. The last channel discussed is the study of dimuon events from Bs
and Bd decays, where the improved tracking resolution and the availability of the track trigger
enable significant progress.
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The HL-LHC physics program will build on the experience acquired, and the results obtained,
in the first phase of the LHC operation. Independent of potential discoveries in this first pe-
riod, the physics program will continue the quest to answer fundamental questions in particle
physics. The ten times larger dataset of the HL-LHC will open new opportunities and trans-
form the field.

The strategy is therefore to perform precision measurements of SM phenomena including the
study of the Higgs boson and other processes sensitive to new physics, of BSM phenomena
in case of a discovery, and to search directly for new physics. At the HL-LHC the tested pa-
rameter space is increased significantly in mass reach and in coupling strength. To explore the
data delivered by the HL-LHC fully, it is crucial to maintain excellent quality of the detector
performance throughout the lifetime of the experiment.

A number of examples of measurements are addressed below and a summary is given in the
table shown in Figure 10.1. The selected measurements are enabled by the proposed upgrades
of the CMS detector, namely the upgrade of the tracking system with an extension of the pseu-
dorapidity coverage, the increase trigger bandwidth and the capabilities of the track trigger,
the upgrades to the barrel and the replacement of the endcap calorimeter, and the extension
of the muon system in pseudorapidity coverage. We begin the discussion with a study of the
Higgs sector and vector boson scattering before we move to searches for SUSY and more exotic
new physics possibilities. The last channel discussed is the study of dimuon events from Bs
and Bd decays, where the improved tracking resolution and the availability of the track trigger
enable significant progress.

today I will cover !
the Higgs part
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Higgs Physics priorities at HL LHC

SUSY Tahoe Lake 27th August ’15

* high precision measurements of:!
— production cross-sections, couplings, JPC, width!
!
* measure and search for anomalies in rare and very 
rare  decays  !
!
* measure self-coupling!
!
* study VV scattering!
!
* if any new Physics — can it be integrated with the 
SM-like Higgs boson?



where do we stand now? 
- this is what we know so far from CMS -
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sensitivity comes from:

gluon-gluon fusion Vector Boson fusion

• combined signal strength:  µ = 1.00 ± 0.14

* there is a new boson!
!
 * with properties consistent with the 
SM Higgs, within current uncertainties

arXiv:1412.8662•  Significance (mH = 125.0 GeV)

mass of the new boson:

GeV

SUSY Tahoe Lake 27th August ’15



where do we stand now? 
- this is what we know so far from ATLAS -
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• combined signal strength:  µ = 1.18 +15-14

mass of the new boson:

Mass measurement

• Similarly to coupling  
analysis, fit 
2-dim PDF: 
 

• Z mass constraint 
improves resolution  
by 15%

6

Optimized categorization

Table 1: Summary of the expected number of signal events in the 105–160 GeV mass range nsig, the FWHM of mass resolution, �e↵ (half of the
smallest range containing 68% of the signal events), number of background events b in the smallest mass window containing 90% of the signal
(�e↵90), and the ratio s/b and s/

p
b with s the expected number of signal events in the window containing 90% of signal events, for the H ! ��

channel. b is derived from the fit of the data in the 105–160 GeV mass range. The value of mH is taken to be 126 GeV and the signal yield is
assumed to be the expected Standard Model value. The estimates are shown separately for the 7 TeV and 8 TeV datasets and for the inclusive
sample as well as for each of the categories used in the analysis.

Category nsig FWHM [GeV] �e↵ [GeV] b in ±�e↵90 s/b [%] s/
p

bp
s=8 TeV

Inclusive 402. 3.69 1.67 10670 3.39 3.50
Unconv. central low pTt 59.3 3.13 1.35 801 6.66 1.88
Unconv. central high pTt 7.1 2.81 1.21 26.0 24.6 1.26
Unconv. rest low pTt 96.2 3.49 1.53 2624 3.30 1.69
Unconv. rest high pTt 10.4 3.11 1.36 93.9 9.95 0.96
Unconv. transition 26.0 4.24 1.86 910 2.57 0.78
Conv. central low pTt 37.2 3.47 1.52 589 5.69 1.38
Conv. central high pTt 4.5 3.07 1.35 20.9 19.4 0.88
Conv. rest low pTt 107.2 4.23 1.88 3834 2.52 1.56
Conv. rest high pTt 11.9 3.71 1.64 144.2 7.44 0.89
Conv. transition 42.1 5.31 2.41 1977 1.92 0.85p

s=7 TeV
Inclusive 73.9 3.38 1.54 1752 3.80 1.59
Unconv. central low pTt 10.8 2.89 1.24 128 7.55 0.85
Unconv. central high pTt 1.2 2.59 1.11 3.7 30.0 0.58
Unconv. rest low pTt 16.5 3.09 1.35 363 4.08 0.78
Unconv. rest high pTt 1.8 2.78 1.21 13.6 11.6 0.43
Unconv. transition 4.5 3.65 1.61 125 3.21 0.36
Conv. central low pTt 7.1 3.28 1.44 105 6.06 0.62
Conv. central high pTt 0.8 2.87 1.25 3.5 21.6 0.40
Conv. rest low pTt 21.0 3.93 1.75 695 2.72 0.72
Conv. rest high pTt 2.2 3.43 1.51 24.7 7.98 0.40
Conv. transition 8.1 4.81 2.23 365 2.00 0.38

describe the background shape in the fit of the data. In the four high pTt categories, an exponential function in mass is
used. In the six other categories, the exponential of a second-order polynomial in mass is used.

Table 1 summarizes the expected signal rate, mass resolution and background in the ten categories for the 7 TeV
and 8 TeV data samples. Small di↵erences in mass resolution arise from the di↵erences in the e↵ective constant term
measured with Z! e+e� events and from the lower pile-up level in the 7 TeV data.

4.5. Mass measurement method
The mass spectra for the ten data categories and the two center-of-mass energies are fitted simultaneously assum-

ing the signal-plus-background hypothesis, using an unbinned maximum likelihood fit with background and signal
parameterization described in the previous sections. The fitted parameters of interest for the signal are the Higgs
boson mass and the signal strength, defined as the yield normalized to the SM prediction. The parameters describing
the background mass distributions for each category and center-of-mass energy are also free in the fit. The systematic
uncertainties are described by a set of nuisance parameters in the likelihood. They include uncertainties a↵ecting the
signal mass peak position, modeled as Gaussian constraints, uncertainties a↵ecting the signal mass resolution and
uncertainties a↵ecting the signal yield.

Figure 4 shows the result of the simultaneous fit to the data over all categories. For illustration, all categories are
summed together, with a weight given by the signal-to-background (s/b) ratio in each category.

4.6. Systematic uncertainties
The dominant systematic uncertainties on the mass measurement arise from uncertainties on the photon energy

scale. These uncertainties, discussed in Sec. 2, are propagated to the diphoton mass measurement in each of the ten
categories. The total uncertainty on the mass measurement from the photon energy scale uncertainties ranges from
0.17% to 0.57% depending on the category. The category with the lowest systematic uncertainty is the low pTt central
converted category, for which the energy scale extrapolation from Z! e+e� events is the smallest.

Systematic uncertainties related to the reconstruction of the diphoton primary vertex are investigated using Z! e+e�
events reweighted to match the transverse momentum distribution of the Higgs boson and the ⌘ distribution of the de-
cay products. The primary vertex is reconstructed using the same technique as for diphoton events, ignoring the tracks
associated with the electrons, and treating them as unconverted photons. The dielectron invariant mass is then com-
puted in the same way as the diphoton invariant mass. Comparing the results of this procedure in data and simulation
leads to an uncertainty of 0.03% on the position of the peak of the reconstructed invariant mass.
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Figure 4: Invariant mass distribution in the H ! �� analysis for data (7 TeV and 8 TeV samples combined), showing weighted data points
with errors, and the result of the simultaneous fit to all categories. The fitted signal plus background is shown, along with the background-only
component of this fit. The di↵erent categories are summed together with a weight given by the s/b ratio in each category. The bottom plot shows
the di↵erence between the summed weights and the background component of the fit.
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H→γγ

H→4l

Photon Energy Scale σ:  0.2 ÷ 0.9%

4.7. Result
The measured Higgs boson mass in the H ! �� decay channel is:

mH = 125.98 ± 0.42(stat) ± 0.28(syst) GeV
= 125.98 ± 0.50 GeV

(1)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The change in
central value compared to the previous result in Ref. [15] of 126.8 ± 0.2(stat) ± 0.7(syst) GeV is consistent with
the expected change resulting from the updated photon energy scale calibration and its much smaller systematic
uncertainty. From the changes in the calibration procedure an average shift of about �0.45 GeV in the measured
Higgs boson mass is expected, with an expected statistical spread of about 0.35 GeV from fluctuations in the measured
masses of individual events. The average shift between the old and new calibrations is estimated from the distribution
of the mass di↵erence of the common events in the mass sidebands outside the signal region.

The mass measurement is performed leaving the overall signal strength free in the fit. The measured signal
strength, µ, normalized to the Standard Model expectation is found to be µ = 1.29± 0.30. The most precise results for
µ from this data are based on an analysis optimized to measure the signal strength [17]. The statistical uncertainties
on the mass and signal yield obtained from the data fit are consistent with the expected statistical accuracy in pseudo-
experiments generated with this measured signal yield. The average expected statistical uncertainty on the mass for
µ = 1.3 is 0.35 GeV and the fraction of pseudo-experiments with a statistical error larger than the one observed
in data (0.42 GeV) is about 16%. From these pseudo-experiments, the distribution of fitted masses is compared
to the input mass value to verify that the average statistical uncertainty provides 68% coverage. In the previous
measurement, the expected statistical uncertainty was about 0.33 GeV for µ = 1.55 and the observed statistical
uncertainty (0.24 GeV) was better than expected. The change in expected statistical uncertainty mostly comes from
the change in the fitted signal strength, which was slightly larger in the previous measurement, as the statistical
uncertainty on the mass measurement is inversely proportional to the signal strength. Changes in the mass resolution
and the event categorization also contribute to the change in the expected statistical uncertainty. The increase in
the statistical uncertainty between the previous result and this result is consistent with a statistical fluctuation from
changes in the measured masses of individual events. Assuming the SM signal yield (µ = 1), the statistical uncertainty
on the mass measurement is expected to be 0.45 GeV.

No significant shift in the values of the nuisance parameters associated with the systematic uncertainties is ob-
served in the fit to the data. The result is also stable if a di↵erent mass range, 115 GeV to 135 GeV, is used in the
fit.

Several cross-checks of the mass measurement are performed, dividing the data into subsamples with di↵erent
sensitivities to systematic uncertainties. To evaluate the compatibility between the mass measured in a subsample and
the combined mass from all other subsamples, a procedure similar to the one used to evaluate the mass compatibility
between di↵erent channels, described in Sec. 6, is applied. The mass di↵erence �i between the subsample i under
test and the combined mass is added as a parameter in the likelihood, and the value of �i with its uncertainty is
extracted from the fit to the data, leaving the combined Higgs boson mass as a free parameter. With this procedure, the
uncertainty on �i correctly accounts for the correlation in systematic uncertainties between the subsample under test
and the rest of the dataset. The values of �i with their uncertainties are shown in Fig. 5 for three di↵erent alternative
event categorizations, with three subsamples each: as a function of the conversion status of the two photons, as a
function of the number of primary vertices reconstructed in the event and as a function of the photon impact point
in the calorimeter (barrel vs end-cap). No value of �i inconsistent with zero is found in these checks, or in other
categorizations related to the conversion topology, the instantaneous luminosity, the photon isolation and the data
taking periods. A similar procedure, fitting simultaneously one �i per subsample, is performed to assess the global
consistency of all the di↵erent subsamples with a common combined mass. In nine di↵erent categorizations, no global
inconsistency larger than 1.5� is observed.

A direct limit on the decay width of the Higgs boson is set from the observed width of the invariant mass peak,
under the assumption that there is no interference with background processes. The signal model is extended by con-
volving the detector resolution with a non relativistic Breit–Wigner distribution to model a non-zero decay width.
The test statistic used to obtain the limit on the width is a profile likelihood estimator with the width as main param-
eter of interest, where also the mass and the signal strength of the observed particle are treated as free parameters.
Pseudo-experiments with di↵erent assumed widths are performed to estimate the distribution of the test statistic,
which does not perfectly follow a �2 distribution, and to compute the exclusion level. The observed (expected for
µ = 1) 95% confidence level (CL) upper limit on the width is 5.0 (6.2) GeV. These limits, properly calibrated with
pseudo-experiments, are about 15% di↵erent from estimates based on a �2 distribution of the test statistics.
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Table 1: Summary of the expected number of signal events in the 105–160 GeV mass range nsig, the FWHM of mass resolution, �e↵ (half of the
smallest range containing 68% of the signal events), number of background events b in the smallest mass window containing 90% of the signal
(�e↵90), and the ratio s/b and s/

p
b with s the expected number of signal events in the window containing 90% of signal events, for the H ! ��

channel. b is derived from the fit of the data in the 105–160 GeV mass range. The value of mH is taken to be 126 GeV and the signal yield is
assumed to be the expected Standard Model value. The estimates are shown separately for the 7 TeV and 8 TeV datasets and for the inclusive
sample as well as for each of the categories used in the analysis.

Category nsig FWHM [GeV] �e↵ [GeV] b in ±�e↵90 s/b [%] s/
p

bp
s=8 TeV

Inclusive 402. 3.69 1.67 10670 3.39 3.50
Unconv. central low pTt 59.3 3.13 1.35 801 6.66 1.88
Unconv. central high pTt 7.1 2.81 1.21 26.0 24.6 1.26
Unconv. rest low pTt 96.2 3.49 1.53 2624 3.30 1.69
Unconv. rest high pTt 10.4 3.11 1.36 93.9 9.95 0.96
Unconv. transition 26.0 4.24 1.86 910 2.57 0.78
Conv. central low pTt 37.2 3.47 1.52 589 5.69 1.38
Conv. central high pTt 4.5 3.07 1.35 20.9 19.4 0.88
Conv. rest low pTt 107.2 4.23 1.88 3834 2.52 1.56
Conv. rest high pTt 11.9 3.71 1.64 144.2 7.44 0.89
Conv. transition 42.1 5.31 2.41 1977 1.92 0.85p

s=7 TeV
Inclusive 73.9 3.38 1.54 1752 3.80 1.59
Unconv. central low pTt 10.8 2.89 1.24 128 7.55 0.85
Unconv. central high pTt 1.2 2.59 1.11 3.7 30.0 0.58
Unconv. rest low pTt 16.5 3.09 1.35 363 4.08 0.78
Unconv. rest high pTt 1.8 2.78 1.21 13.6 11.6 0.43
Unconv. transition 4.5 3.65 1.61 125 3.21 0.36
Conv. central low pTt 7.1 3.28 1.44 105 6.06 0.62
Conv. central high pTt 0.8 2.87 1.25 3.5 21.6 0.40
Conv. rest low pTt 21.0 3.93 1.75 695 2.72 0.72
Conv. rest high pTt 2.2 3.43 1.51 24.7 7.98 0.40
Conv. transition 8.1 4.81 2.23 365 2.00 0.38

describe the background shape in the fit of the data. In the four high pTt categories, an exponential function in mass is
used. In the six other categories, the exponential of a second-order polynomial in mass is used.

Table 1 summarizes the expected signal rate, mass resolution and background in the ten categories for the 7 TeV
and 8 TeV data samples. Small di↵erences in mass resolution arise from the di↵erences in the e↵ective constant term
measured with Z! e+e� events and from the lower pile-up level in the 7 TeV data.

4.5. Mass measurement method
The mass spectra for the ten data categories and the two center-of-mass energies are fitted simultaneously assum-

ing the signal-plus-background hypothesis, using an unbinned maximum likelihood fit with background and signal
parameterization described in the previous sections. The fitted parameters of interest for the signal are the Higgs
boson mass and the signal strength, defined as the yield normalized to the SM prediction. The parameters describing
the background mass distributions for each category and center-of-mass energy are also free in the fit. The systematic
uncertainties are described by a set of nuisance parameters in the likelihood. They include uncertainties a↵ecting the
signal mass peak position, modeled as Gaussian constraints, uncertainties a↵ecting the signal mass resolution and
uncertainties a↵ecting the signal yield.

Figure 4 shows the result of the simultaneous fit to the data over all categories. For illustration, all categories are
summed together, with a weight given by the signal-to-background (s/b) ratio in each category.

4.6. Systematic uncertainties
The dominant systematic uncertainties on the mass measurement arise from uncertainties on the photon energy

scale. These uncertainties, discussed in Sec. 2, are propagated to the diphoton mass measurement in each of the ten
categories. The total uncertainty on the mass measurement from the photon energy scale uncertainties ranges from
0.17% to 0.57% depending on the category. The category with the lowest systematic uncertainty is the low pTt central
converted category, for which the energy scale extrapolation from Z! e+e� events is the smallest.

Systematic uncertainties related to the reconstruction of the diphoton primary vertex are investigated using Z! e+e�
events reweighted to match the transverse momentum distribution of the Higgs boson and the ⌘ distribution of the de-
cay products. The primary vertex is reconstructed using the same technique as for diphoton events, ignoring the tracks
associated with the electrons, and treating them as unconverted photons. The dielectron invariant mass is then com-
puted in the same way as the diphoton invariant mass. Comparing the results of this procedure in data and simulation
leads to an uncertainty of 0.03% on the position of the peak of the reconstructed invariant mass.
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5.4. Signal and background model
Several methods are used to measure the Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel. The two-

dimensional (2D) fit to the m4` and BDTZZ⇤ output (OBDTZZ⇤ ) is chosen as the baseline because it has the smallest
expected uncertainty among the di↵erent methods. The one-dimensional (1D) fit to the m4` spectra used for the
previous measurement [15] serves as a cross-check. For both the 1D and 2D fits, the signal model is based on
simulation distributions that are smoothed using a kernel density estimation method [37]. These distributions are
generated at 15 di↵erent mH values in the range 115 < mH < 130 GeV and form templates that are parameterized
as a function of mH using B-spline interpolation [38]. These simulation samples at di↵erent masses are normalized
to the expected SM cross-section times branching ratio [10] to derive the expected signal yields after acceptance and
selection. For all of the methods, the m4` range used for the fit is 110 GeV to 140 GeV.

The signal probability density function (PDF) in the 2D fit is modeled as:

P(m4`,OBDTZZ⇤ | mH) = P(m4` | OBDTZZ⇤ , mH) P(OBDTZZ⇤ | mH)

'
0
BBBBBB@

4X

n=1

Pn(m4` | mH)✓n(OBDTZZ⇤ )

1
CCCCCCAP(OBDTZZ⇤ | mH)

(3)

where ✓n defines four equal-sized bins for the value of the BDTZZ⇤ output, and Pn represents the 1D PDF for m4` for
the signal in the corresponding OBDTZZ⇤ bin. The variation of the m4` shape within a single OBDTZZ⇤ bin is found to be
negligible and studies indicate that the binning approximation does not bias the mass measurement. The background
model, Pbkg(m4`,OBDTZZ⇤ ), is described using a full 2D PDF that is derived from simulation for the ZZ⇤ background,
and by using data-driven techniques for the reducible background. The 2D template fit method reduces the expected
statistical error on the measured mass with respect to the simple fit to the m4` spectra (1D method) by about 8%.

Extensive studies were performed in order to validate the signal and background PDFs using a 2D fit to fully
simulated signal and background events normalized to the SM expectation. No bias was found between the input and
resulting 2D fit values for the Higgs mass and signal strength, tested for di↵erent mH values in the range 120 GeV
to 130 GeV. Di↵erent values for the parameter used to control the amount of smoothing for both the signal and
background PDFs were tested and no biases on the fitted mH and signal strength were found. An additional check for
a possible bias due to a small dependence of the BDTZZ⇤ output on mH for the signal, included in Eq. (3), is performed
by fitting a sample of background-only simulated data. No dependence of the likelihood scan on mH was observed.

In addition to the 2D fit method, described above, and the 1D fit method used in Ref. [15], a third approach is
used. This approach combines an analytic description of the signal mass spectra with the BDTZZ⇤ output and can be
used both for the mass measurement and to provide a direct limit on the width of the Higgs boson. In this method, the
signal m4` PDF is computed event-by-event by convolving the estimated detector response for each of the four leptons
with the non relativistic Breit–Wigner function describing the generated Higgs mass line-shape. The advantage of
this method is that the typical detector response for each data candidate is taken into account in the signal modeling.
This is referred to as the per-event-error method. In this fit the Z mass constraint is not applied. The muon and
electron response functions are modeled by the sum of two or three Gaussian distributions, respectively, to provide a
better description of the responses. This parameterization is performed in bins of ⌘ and pT. These response functions
are validated with several simulation samples and with data. One validation consists of comparing the Z boson mass
distribution measured in collision data with the convolution of the generator-level Z boson resonance with the detector
response, constructed using the single-lepton response. The ratio of the two distributions agrees to better than 2% for
Z ! µµ and 5% for Z ! ee. In addition, the per-event-error model is checked by fitting the four-lepton invariant
mass from the Z decay in the Z ! 4` process. The fit results are in agreement with the world average values of the Z
boson mass and width [39]. The per-event-error fit is used both as a cross-check for the mass measurement and as the
baseline method to set an upper limit on the Higgs boson total width �H .

For the mass measurement, the m4` (and OBDTZZ⇤ ) data distributions for eight sets of events, one for each final
state for the 7 TeV and 8 TeV data, are simultaneously fitted using an unbinned maximum likelihood assuming the
signal and background models described above. The backgrounds are set in the fit to their estimated values and the
associated normalization and shape uncertainties are treated as nuisance parameters, as discussed in Sec. 6.

5.5. Systematic uncertainties
The main sources of systematic uncertainties on the mass measurement are the electron energy scale and the muon

momentum scale. The expected impact of these uncertainties on the mass measurement corresponds to about 60 MeV
for both the 4e and the 4µ channels, obtained from the 2D fit to simulation. When all the final states are combined
together this translates to an observed ±0.03% uncertainty on mH for each of the electron energy scale and the muon
momentum scale.

Systematic uncertainties on the measurement of the inclusive signal rate are also included in the model. The
uncertainty on the inclusive signal strength due to the identification and reconstruction e�ciency for muons and
electrons is ±2%. The dominant theory systematic uncertainties arise from QCD scale variations of the gg ! H
process (±7%), parton distribution function variations (±6%) and the decay branching ratio (±4%). The uncertainty
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on the Higgs boson transverse momentum, evaluated as described in Sec. 4.6, has a negligible impact on the mass and
the inclusive signal rate measurements. The uncertainty on the integrated luminosity is given in Sec. 4.6, and has a
negligible impact on the mass measurement.

5.6. Results
Figure 6(a) shows the m4` distribution of the selected candidates for 7 TeV and 8 TeV collision data along with the

expected distributions for a signal with a mass of 124.5 GeV and the ZZ⇤ and reducible backgrounds. The expected
signal is normalized to the measured signal strength, given below. Figure 6(b) shows the BDTZZ⇤ output versus
m4` for the selected candidates in the m4` range 110–140 GeV. The compatibility of the data with the expectations
shown in Fig. 6(b) has been checked using pseudo-experiments generated according to the expected two-dimensional
distributions and good agreement has been found. Table 3 presents the observed and expected number of events forp

s = 7 TeV and
p

s = 8 TeV, in a mass window of 120–130 GeV, corresponding to about ±2�m4` .
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined 7 TeV and
8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to the measured signal
strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDTZZ⇤ output, versus m4` for the selected candidates in
the 110–140 GeV m4` range for the combined 7 TeV and 8 TeV data samples. The expected distribution for a SM Higgs with mH = 124.5 GeV is
indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:

mH = 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV
= 124.51 ± 0.52 GeV

(4)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The systematic
uncertainty is obtained from the quadrature subtraction of the fit uncertainty evaluated with and without the systematic
uncertainties fixed at their best fit values. Due to the large di↵erence between the magnitude of the statistical and sys-
tematic uncertainties, the numerical precision on the quadrature subtraction is estimated to be of the order of 10 MeV.
The measured signal strength for this inclusive selection is µ = 1.66+0.45

�0.38, consistent with the SM expectation of one.
The most precise results for µ from this data are based on an analysis optimized to measure the signal strength [18].
The expected statistical uncertainty for the 2D fit with the observed µ value of 1.66 is 0.49 GeV, consistent with the
observed statistical uncertainty. With the improved uncertainties on the electron and muon energy scales, the mass un-
certainty given above is predominantly statistical with a nearly negligible contribution from systematic uncertainties.
The mass measurement performed with the 1D model gives mH = 124.63 ± 0.54 GeV, consistent with the 2D result
where the expected di↵erence has an RMS of 250 MeV estimated from Monte Carlo pseudo-experiments. These
measurements can be compared to the previously reported result [15] of 124.3+0.6

�0.5 (stat) +0.5
�0.3 (syst) GeV, which was

obtained using the 1D model. The di↵erence between the measured values arises primarily from the changes to the
channels with electrons – the new calibration and resolution model, the introduction of the combined track momentum
and cluster energy fit, and the improved identification, as well as the recovery of non-collinear FSR photons, which
a↵ects all channels. In the 120–130 GeV mass window, there are four new events and one missing event as compared
to Ref. [15]. Finally as a third cross-check, the measured mass obtained with the per-event-error method is within 60
MeV of the value found with the 2D method.
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strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDTZZ⇤ output, versus m4` for the selected candidates in
the 110–140 GeV m4` range for the combined 7 TeV and 8 TeV data samples. The expected distribution for a SM Higgs with mH = 124.5 GeV is
indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.
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The most precise results for µ from this data are based on an analysis optimized to measure the signal strength [18].
The expected statistical uncertainty for the 2D fit with the observed µ value of 1.66 is 0.49 GeV, consistent with the
observed statistical uncertainty. With the improved uncertainties on the electron and muon energy scales, the mass un-
certainty given above is predominantly statistical with a nearly negligible contribution from systematic uncertainties.
The mass measurement performed with the 1D model gives mH = 124.63 ± 0.54 GeV, consistent with the 2D result
where the expected di↵erence has an RMS of 250 MeV estimated from Monte Carlo pseudo-experiments. These
measurements can be compared to the previously reported result [15] of 124.3+0.6
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obtained using the 1D model. The di↵erence between the measured values arises primarily from the changes to the
channels with electrons – the new calibration and resolution model, the introduction of the combined track momentum
and cluster energy fit, and the improved identification, as well as the recovery of non-collinear FSR photons, which
a↵ects all channels. In the 120–130 GeV mass window, there are four new events and one missing event as compared
to Ref. [15]. Finally as a third cross-check, the measured mass obtained with the per-event-error method is within 60
MeV of the value found with the 2D method.
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Figure 2: The observed signal strengths and uncertainties for di↵erent Higgs boson decay channels and their com-
bination for mH = 125.36 GeV. Higgs boson signals corresponding to the same decay channel are combined together
for all analyses, assuming SM values for the cross-section ratios of di↵erent production processes. The best-fit val-
ues are shown by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with
the individual contributions from the statistical uncertainty (top), the total (experimental and theoretical) systematic
uncertainty (middle), and the signal theoretical uncertainty (bottom) on the signal strength shown as horizontal error
bars.

The uncertainty on the global signal strength has comparable statistical and systematic components and is
significantly reduced compared to the individual measurements, as illustrated in Fig. 2. Here, the largest
source of experimental systematic uncertainty is from background estimates in the analyses of individual
channels. This result is consistent with the SM expectation of µ = 1, with a p-value of 18%, All individual
measurements of the signal-strength parameters are consistent and compatible with the combined value,
with a p-value of 76%.

Performing independent combinations of measurements at
p

s = 7 and 8 TeV independently lead to
signal-strength values of

µ(7 TeV) = 0.75 +0.32
�0.29 = 0.75 +0.28

�0.26 (stat.) +0.13
�0.11 (syst.) +0.08

�0.05 (theo.), and

µ(8 TeV) = 1.28 +0.17
�0.15 = 1.28 ± 0.11 (stat.) +0.08

�0.07 (syst.) +0.10
�0.08 (theo.)
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Michael Duehrssen Higgs combination 7

ATLAS+CMS Higgs mass combination

… and the ATLAS+CMS combined Higgs boson mass is:

(0.19% precision!)

Compatibility of the 4 m
H
 measurements with the combined mass: 7-10%

* overall: 0.19% precision

SUSY Tahoe Lake 27th August ’15

all in one

* Higgs boson cross section and 
branching fractions uncertainties !
* normalisation of SM background 
processes



and where do we want to go…

Adrian Perieanu !21SUSY Tahoe Lake 27th August ’15



!22Adrian Perieanu

Higgs production & decays

SUSY Tahoe Lake 27th August ’15

production

gluon fusion VBF

Higgsstrahlung ttH

decays

during HL LHC!
* rare decays:!
— 𝛍𝛍!
— Z𝛄

during HL LHC!
* BSM decays:!
— LFV: 𝛍𝛕, e𝛕, e𝛍

* before HL LHC we should already 
have a first measurement on:!
— VBF, VH, and ttH
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our expectations in Higgs numbers
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HL LHC !
3000 fb-1

at 14 TeV!
(before cuts)

all 170 M

VBF 13 M

ttH 1.8 M

Z𝛄 decay 230 k

𝛍𝛍 decay 37 k

HH 121 k

from how many millions can one call !
an accelerator a factory?!

do they have to start paying taxes :)
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Higgs (decay) signal strengths 
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* Scenario 1: assumes same systematics as in Run I!
* Scenario 2: assumes systematics from theory scaled by a 
factor 1/2 and the rest of systematics scaled by 1/√L!
— hashed areas are theory systematics
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Higgs (decay) signal strengths 
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* Scenario 1: assumes same systematics as in Run I!
* Scenario 2: assumes systematics from theory scaled by a 
factor 1/2 and the rest of systematics scaled by 1/√L!
— hashed areas are theory systematics
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I
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I
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I

9%

9%

11%

30%

14%

19%

16%



!26Adrian Perieanu

Higgs couplings!
— what we can see so far —
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reduced coupling parameters

poor muon coupling, maybe !
in HL LHC era will receive more !

space on the plots
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Higgs couplings!
— what we could expect with “3000” fb-1  —

* only coupling scale factors ratios at LHC!
* use are reference H (ZZ)!
— hashed areas are theory systematics
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Higgs couplings!
— what we could expect with “3000” fb-1  —

I
I

I

I
I

I
I

* only coupling scale factors ratios at LHC!
* use are reference H (ZZ)!
— hashed areas are theory systematics
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Higgs couplings at 3000 fb-1 !
— to take home with you —
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we’ll remain biased by the SM expectation!
for some while

uncertainty 
on ATLAS CMS!

(Scenario 1)

5.7% 5%

3.1% 3%

9.4% 8%

9.8% 5%

8.9% 4%

5.3% 8%

8.7% 5%

2.6% 5%

14% 12%
Higgs relative couplings could be known!

with a precision of up to few %
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Higgs rare decays!
— dimuon decay — 
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10.1. Exploitation of the Higgs boson 295

for the decay of a Higgs boson in two muons with a branching fraction of 2.2 ⇥ 10�4 expected
in the SM. The channel has been studied using the Run-I data reaching a sensitivity of 6 times
the SM prediction [235]. Projections of the analysis to the HL-LHC era show that the coupling
of the Higgs boson to muons can be measurement with a precision of about 8%, still limited by
the statistical uncertainty.

In H ! µ

+
µ

� events the kinematics of the Higgs boson can be fully reconstructed. The signal
will consist of a small bump over a large di-muon background from Drell-Yan events, hence an
excellent di-muon mass resolution is crucial. This puts constraints on the required performance
of the new tracking system. Special attention will be given to the study of the vector-boson
fusion channel that exhibits experimental advantages compared to the gluon fusion one, due
to the reduced backgrounds and lower theoretical uncertainties in the Higgs production cross
section.

Figure 10.6 shows a fit to the signal di-muon mass distribution for Higgs boson events sim-
ulated with the Phase-I and Phase-II detectors. The distributions are normalized to both the
acceptance of each di-muon category and selection efficiency of events in each di-muon cate-
gory.

Due to the reduction of material and better spatial measurements of the upgraded Phase-II
tracking detector, the mass resolution is 40 % better and the efficiency to reconstruct the muon
pair is 20 % larger with respect to an aged Phase-I detector. The measurement of the Higgs
boson coupling to muons is expected to improve with the square-root of the improvement in
resolution and efficiency. Based on previous projections, an uncertainty in the Higgs boson
coupling to muons of about 5 % is expected.

Figure 10.6: Di-muon mass distributions for Higgs boson events simulated with the Phase-I
(nominal and aged) and Phase-II detectors. The distributions are normalized to take the relative
selection efficiency of different detectors into account.

10.1.3 H ! tt analysis

Projections of the Run-I H ! tt analysis show that the coupling modification of the Higgs
boson to tau leptons with respect to the SM expectation can be measured with a precision of 2–
5 %. Modifications of the Higgs boson couplings to fermions of this scale or larger are expected

* dimuon channel will give us access to the 2nd lepton 
generation!
* allows ratio of 2nd and 3rd generation lepton couplings:!
— are we talking about the same mass generation 
mechanism for the 2nd and 3rd generation lepton?!
— what about the 2nd and 3rd generation quarks?

* new detectors design will make possible!
to improve dimuon mass resolution considerably
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Higgs rare decays!
— dimuon decay — 

* one more channel will become interesting: !
ttH with S/B better than 1 and Δμ/μ ~ 25%.

es;mated improvements: rare decays 
‐ dimuon channel ‐ 

Adrian Perieanu  Origin of Mass 12‐14th August'13, Odensee  28 

•  SM sensi;vity will be reached before LS2 

•  observa;on >5σ expected during HL‐LHC 
•  very interes;ng in bH with  

S/B beber than 1 and Δμ/μ ~ 25%. 
•  allows ra;o of 2nd and 3rd genera;on 

lepton coupling 

evidence: before LS2 

(with some chance) 

observa2on: a[er LS3 

(during HL‐LHC) 

before LS2 

•  for ECFA workshop 

in Oct.’13 updated 
numbers will be released 

es;mated improvements: rare decays 
‐ dimuon channel ‐ 
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•  SM sensi;vity will be reached before LS2 

•  observa;on >5σ expected during HL‐LHC 
•  very interes;ng in bH with  

S/B beber than 1 and Δμ/μ ~ 25%. 
•  allows ra;o of 2nd and 3rd genera;on 

lepton coupling 

evidence: before LS2 

(with some chance) 

observa2on: a[er LS3 

(during HL‐LHC) 

before LS2 

•  for ECFA workshop 

in Oct.’13 updated 
numbers will be released 

* SM sensitivity will be reached 
before LS2 !
!
* observation (> 5σ) expected 
during HL‐LHC!

hopefully some of us!
will still try to answer the !

questions mentioned before 
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Higgs rare decays !
— Z plus 𝛄 —
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new  
physics

* small signal on top of a large 
background from radiative Z * Z 𝛄 is loop induced similar to  𝛄 𝛄 and gg!

!
* could be sensitive to additional effects !
— expected to be dominant in composite Higgs 



!33Adrian Perieanu

Higgs rare decays !
— invisible —
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40 7 Compatibility of the observed data with the SM Higgs boson couplings
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Figure 18: (Left) Likelihood scan versus BRBSM = GBSM/Gtot. The solid curve represents the
observation in data and the dashed curve indicates the expected median result in the presence
of the SM Higgs boson. The modifiers for both the tree-level and loop-induced couplings are
profiled, but the couplings to the electroweak bosons are assumed to be bounded by the SM
expectation (kV  1). (Right) Result when also combining with data from the H(inv) searches,
thus assuming that BRBSM = BRinv, i.e. BRundet = 0.
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Figure 19: (Left) The 2D likelihood scan for the BRinv and BRundet parameters for a combined
analysis of the H(inv) search data and visible decay channels. The cross indicates the best-fit
values. The solid, dashed, and dotted contours show the 68%, 95%, and 99.7% CL confidence
regions, respectively. The diamond represents the SM expectation, (BRinv, BRundet) = (0, 0).
(Right) The likelihood scan versus BRundet. The solid curve represents the observation in data
and the dashed curve indicates the expected median result in the presence of the SM Higgs
boson. BRinv is constrained by the data from the H(inv) searches and modifiers for both the
tree-level and loop-induced couplings are profiled, but the couplings to the electroweak bosons
are assumed to be bounded by the SM expectation (kV  1).

what we !
reached so far

what we !
could reach after HL LHC

* direct access: VBF and ZH production!
!
* indirect access: combined coupling fit

at CMS after 
3000 fb-1 

Z H (inv.)!
95% CL upper limit

Scenario 1 17%
Scenario 2 6.4%
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Higgs rare decays !
— to be added on the prediction list: J/𝜓 and ϒ(nS) plus 𝛄  —
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4

invariant mass while the uncertainty associated with the
photon energy resolution is found to be negligible rela-
tive to the overall three-body invariant mass resolution.
Similarly, the systematic uncertainty associated with the
muon momentum measurement is determined using data
samples of J/ ! µ+µ� and Z ! µ+µ� decays and
validated using ⌥(nS) ! µ+µ� decays [43]. For the
pT range relevant to this analysis, the systematic uncer-
tainties associated with the muon momentum scale are
negligible.

The uncertainty in the shape of the inclusive QCD
background is estimated through the study of variations
in the background modeling procedure. The shape of
the pdf is allowed to vary around the nominal shape
within an envelope associated with shifts in the pµµT and
p�T distributions. Furthermore, a separate background

model, generated without removing the contamination
from Z ! µ+µ�� decays, provides an upper bound on
potential mismodeling associated with this process.
Results are extracted by means of a simultaneous

unbinned maximum likelihood fit, performed to the
selected events with 30 GeV < mµµ� < 230 GeV
separately in each of the analysis categories. In the
J/ � final state, the fit is performed on the mµµ� and
pµµ�
T distributions, while for the ⌥(nS) � candidates

a similar fit is performed using the mµµ� , pµµ�
T , and

mµµ distributions. The latter distribution provides
discrimination between the three ⌥(nS) states and
constrains the Z ! µ+µ�� background normalization.
No significant Z ! Q � or H ! Q � signals are observed,
as shown in Figs. 1 and 2.
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FIG. 1. (color online) The mµµ� and pµµ�
T distributions of the selected J/ � candidates, along with the results of the unbinned

maximum likelihood fit to the signal and background model (S+B fit). The error bars on the data points correspond to the
statistical uncertainties. The Higgs and Z boson contributions as expected for branching fraction values of 10�3 and 10�6,
respectively, are also shown.
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FIG. 2. (color online) The mµµ� , p
µµ�
T and mµµ distributions of the selected ⌥(nS) � candidates, along with the results of the

unbinned maximum likelihood fit to the signal and background model (S+B fit). The error bars on the data points correspond
to the statistical uncertainties. The Higgs and Z boson contributions as expected for branching fraction values of 10�3 and
10�6, respectively, for each of the ⌥(nS) are also shown.
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Upper limits on the branching fractions for the Higgs
and Z boson decays to J/ � and ⌥(nS) � are set us-
ing the CLs modified frequentist formalism [50] with the
profile likelihood ratio test statistic [51]. The expected
SM production cross sections are assumed for the Higgs
and Z bosons. The results are summarized in Table II.

The 95% CL upper limit on the branching fraction
for H ! J/ � decays corresponds to about 540 times
the expected SM branching fraction. The upper limits
on the Z ! J/ � and Z ! ⌥(nS) � branching frac-
tions significantly constrain the allowed range of values
obtained from theoretical calculations [12–14]. Upper
limits are also set on the combined branching fractions
B [H ! ⌥(nS)�] < 2.0 ⇥ 10�3 and B [Z ! ⌥(nS)�] <
7.9 ⇥ 10�6, where the relative contribution of each final
state to the potential signal is profiled (allowed to float
to the values that maximize the likelihood) during the
fit.

TABLE II. Expected and observed branching fraction limits
at 95% CL for

p
s = 8 TeV. The ±1� fluctuations of the

expected limits are also given. For the Higgs decay search,
limits are also set on the cross section times branching fraction
� (pp ! H)⇥ B (H ! Q �).

95% CL Upper Limits

J/ ⌥(1S) ⌥(2S) ⌥(3S)
P

n ⌥(nS)

B (Z ! Q �) [ 10�6 ]

Expected 2.0+1.0
�0.6 4.9+2.5

�1.4 6.2+3.2
�1.8 5.4+2.7

�1.5 8.8+4.7
�2.5

Observed 2.6 3.4 6.5 5.4 7.9

B (H ! Q �) [ 10�3 ]

Expected 1.2+0.6
�0.3 1.8+0.9

�0.5 2.1+1.1
�0.6 1.8+0.9

�0.5 2.5+1.3
�0.7

Observed 1.5 1.3 1.9 1.3 2.0

� (pp ! H)⇥ B (H ! Q �) [fb]

Expected 26+12
�7 38+19

�11 45+24
�13 38+19

�11 54+27
�15

Observed 33 29 41 28 44

In conclusion, the first search for the decays of the SM
Higgs and Z bosons to J/ � and ⌥(nS) � (n = 1, 2, 3)
has been performed with

p
s = 8 TeV pp collision data

samples corresponding to integrated luminosities of up to
20.3 fb�1 collected with the ATLAS detector at the LHC.
No significant excess of events is observed above the back-
ground. In the J/ � final state the 95% CL upper limits
on the relevant branching fractions for the SM Higgs and
Z bosons are 1.5⇥10�3 and 2.6⇥10�6, respectively. The
corresponding upper limits in the ⌥(1S, 2S, 3S) � chan-
nels are (1.3, 1.9, 1.3)⇥10�3 and (3.4, 6.5, 5.4)⇥10�6, for
the SM Higgs and Z bosons respectively. These are the
first experimental bounds on exclusive Higgs and Z bo-
son decays to final states involving quarkonia.
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5

Upper limits on the branching fractions for the Higgs
and Z boson decays to J/ � and ⌥(nS) � are set us-
ing the CLs modified frequentist formalism [50] with the
profile likelihood ratio test statistic [51]. The expected
SM production cross sections are assumed for the Higgs
and Z bosons. The results are summarized in Table II.

The 95% CL upper limit on the branching fraction
for H ! J/ � decays corresponds to about 540 times
the expected SM branching fraction. The upper limits
on the Z ! J/ � and Z ! ⌥(nS) � branching frac-
tions significantly constrain the allowed range of values
obtained from theoretical calculations [12–14]. Upper
limits are also set on the combined branching fractions
B [H ! ⌥(nS)�] < 2.0 ⇥ 10�3 and B [Z ! ⌥(nS)�] <
7.9 ⇥ 10�6, where the relative contribution of each final
state to the potential signal is profiled (allowed to float
to the values that maximize the likelihood) during the
fit.

TABLE II. Expected and observed branching fraction limits
at 95% CL for

p
s = 8 TeV. The ±1� fluctuations of the

expected limits are also given. For the Higgs decay search,
limits are also set on the cross section times branching fraction
� (pp ! H)⇥ B (H ! Q �).

95% CL Upper Limits

J/ ⌥(1S) ⌥(2S) ⌥(3S)
P

n ⌥(nS)

B (Z ! Q �) [ 10�6 ]

Expected 2.0+1.0
�0.6 4.9+2.5

�1.4 6.2+3.2
�1.8 5.4+2.7

�1.5 8.8+4.7
�2.5

Observed 2.6 3.4 6.5 5.4 7.9

B (H ! Q �) [ 10�3 ]

Expected 1.2+0.6
�0.3 1.8+0.9

�0.5 2.1+1.1
�0.6 1.8+0.9

�0.5 2.5+1.3
�0.7

Observed 1.5 1.3 1.9 1.3 2.0

� (pp ! H)⇥ B (H ! Q �) [fb]

Expected 26+12
�7 38+19

�11 45+24
�13 38+19

�11 54+27
�15

Observed 33 29 41 28 44

In conclusion, the first search for the decays of the SM
Higgs and Z bosons to J/ � and ⌥(nS) � (n = 1, 2, 3)
has been performed with

p
s = 8 TeV pp collision data

samples corresponding to integrated luminosities of up to
20.3 fb�1 collected with the ATLAS detector at the LHC.
No significant excess of events is observed above the back-
ground. In the J/ � final state the 95% CL upper limits
on the relevant branching fractions for the SM Higgs and
Z bosons are 1.5⇥10�3 and 2.6⇥10�6, respectively. The
corresponding upper limits in the ⌥(1S, 2S, 3S) � chan-
nels are (1.3, 1.9, 1.3)⇥10�3 and (3.4, 6.5, 5.4)⇥10�6, for
the SM Higgs and Z bosons respectively. These are the
first experimental bounds on exclusive Higgs and Z bo-
son decays to final states involving quarkonia.
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* will give us access to the 2nd quarks 
generation

* rather simple final state: !
— J/𝜓 and ϒ(nS) reconstructed via 
dimuon and dielectron channels!
— plus a 𝛄 with pT > 36 GeV while !
|η| < 1.37 for barrel and  1.52 < |η| < 2.37!
for end cap

* so far only 8 TeV results:
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* NNLO expectation: !
40.2 +3.2 -3.5 fb for 125 GeV Higgs mass 4
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FIG. 2. Higgs pair invariant mass distribution at LO (dotted
blue), NLO (dashed red) and NNLO (solid black) for the LHC
at c.m. energy Ecm = 14TeV. The bands are obtained by
varying µF and µR in the range 0.5Q ≤ µF , µR ≤ 2Q with
the constraint 0.5 ≤ µF /µR ≤ 2.

Again, we already included the counter terms in the

definition of σ̂(c+)
qg and σ̂(c−)

gq . Finally, for the quark-
antiquark subprocess we have

σ̂b
qq̄ =

!

d cos θ1 dθ2 dy

"

x(x − 4M2
H/s)

512 π4
fqq̄(x, y, θ1, θ2) .

(17)
The expressions for fqg, fgq and fqq̄ can be found in the
appendix.
Summarizing, Eqs. (3), (14), (16) and (17) contain

all the contributions to the partonic cross section up to
NNLO accuracy. We find agreement with Ref. [16] with
respect to the NLO results.†

III. PHENOMENOLOGY

We present, here, the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q ≤ µF , µR ≤ 2Q, with the constraint
0.5 ≤ µF /µR ≤ 2. We recall that we always normalize
our results with the exact top- and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(2)
HH =

C(2)
H . We analyzed the impact of this still unknown co-

efficient varying its value in the range 0 ≤ C(2)
HH ≤ 2C(2)

H

† We notice that the exact LO is taken into account in a slightly
different way in Ref. [16]. The numerical effect is anyway small.
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FIG. 3. Total cross section as a function of the c.m. energy
Ecm for the LO (dotted blue), NLO (dashed red) and NNLO
(solid black) prediction. The bands are obtained by varying
µF and µR as indicated in the main text. The inset plot shows
the corresponding K factors.

and found a variation in the total cross section of less
than 2.5%.
In Figure 2 we show the hadronic cross section for the

LHC as a function of the Higgs pair invariant mass, for
a c.m. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the pertur-
bative series appears, finding a nonzero overlap between
the NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 40.2+3.2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K factor with respect to the LO pre-
diction is about KNNLO = 2.3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ±8% around the central value, compared to a total
variation of O(±20%) at NLO.
In Figure 3 we present the total cross section as a func-

tion of the c.m. energy Ecm, in the range from 8TeV to
100TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections.
In Table I we show the value of the NNLO cross sec-

tion for Ecm = 8, 14, 33 and 100TeV. We consid-
ered three different sources of theoretical uncertainties:
missing higher orders in the QCD perturbative expan-
sion, which are estimated by the scale variation as indi-
cated before, and uncertainties in the determination of
the parton distributions and strong coupling. To esti-
mate the parton flux and coupling constant uncertain-

arXiv 1309.6594

* in destructive interference with:

* channels that we can start something with:!
— bb WW  after HL LHC: ~30 k events!
— bb 𝛕𝛕    after HL LHC: ~8.9 k events !
— bb 𝛄 𝛄  after HL LHC: ~0.3 k events, but clean
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NN > 0.97

Bkg. Eff. 0.27%

Sig. Eff. 40 %

* background contributions mainly from tt events!
!
* Neural Network built on kinematic variables !
!
* new data driven methods could be used to 
constrain uncertainties to percent level and increase 
sensitivity to deviations from SM 

Higgs pair production !
— H(bb) H(WW) —
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Figure 6: Multiplicity of jets with pT > 25 GeV for H(→ bb̄)H(→ γγ) signal and backgrounds.

In applying this selection an optimistic assumption is being made on the effect of pile-up jets with

respect to what is described in Ref. [7], based on which about three pile-up jets with pT > 25 GeV

are expected per event. The upper cut on N j is therefore appropriate under the assumption of a well-

performing track confirmation algorithm, or similar tool for suppressing pile-up jets, such as Jet Vertex

Tagging [23]. Note that, although it is also observed that the jet multiplicity is lower in the signal

samples using Pythia 6 with respect to samples using Pythia 8, the latter are conservatively used in this

study to present the expected sensitivity.

Applying a veto on isolated (as per the description in section 3.2) leptons above 25 GeV is also

useful for reducing the background contribution from processes involving tt decays to at least one

lepton.

The final selection is summarised in Table 3.

Event Selection Criteria

≥ 2 isolated photons, with pT > 30 GeV, |η| < 1.37 or 1.52 < |η| < 2.37

≥ 2 jets identified as b-jets with leading/subleading pT > 40/25 GeV, |η| < 2.5

No isolated leptons with pT > 25 GeV, |η| < 2.5

< 6 jets with pT > 25 GeV, |η| < 2.5

0.4 < ∆Rbb < 2.0, 0.4 < ∆Rγγ < 2.0, ∆Rγb > 0.4

100 < mbb < 150 GeV, 123 < mγγ < 128 GeV

p
γγ
T

, pbb
T > 110 GeV

Table 3: Event selection criteria applied in the analysis

9

* event selection

Higgs pair production !
— H(bb) H(𝛄𝛄) —

* expected events for SM !
— before (320)  and after selection (8)!
!
* SM scenario: 1.3 𝛔 significance
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10.1. Exploitation of the Higgs boson 301

background is negligible in the signal region, as verified by studying the LHC data available atp
s = 8 TeV.

Events are selected containing two b-tagged jets with pT > 30 GeV and |h| < 2.4, and two taus
with pT > 60 GeV, or pT > 90 GeV for the leading tau and pT > 45 GeV for sub-leading tau, and
|h| < 2.1 for the thth di-tau final state, pT > 30 GeV and |h| < 2.1 for the th and pT > 30 GeV
and |h| < 2.5 for the t

µ

in t

µ

th di-tau final states. To further reduce background events with
light jets mimicking hadronic tau decays it is required that jets originating from hadronic tau
decays contain an isolated track. Selections are applied on the di-tau mass, M

tt

, and the di-b-jet
mass, Mbb, mass distributions to identify Higgs boson decays to tau and b pairs, respectively.
The requirement for mbb is 90 GeV < mbb < 130 GeV, and 110 GeV < m

tt

< 140 GeV for m
tt

. A
likelihood-based mass reconstruction technique (SVFIT) is used to reconstruct the di-tau mass.
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Figure 10.12: mT2 (left) and BDT score (right) distributions in thth and t

µ

th channels, respec-
tively. The yields are the expected SM contributions.

A kinematic bounding variable, mT2, is introduced to further discriminate the dominant tt̄
background from the di-Higgs signal [239]. By construction, mT2 is bounded above by the
top quark mass for tt̄ background events while it is unbounded for di-Higgs signal events.
For the t

µ

th di-tau final states a BDT discriminant was trained to further exploit the boosted
kinematics of di-Higgs production. The input variables are the masses, transverse momenta,
and DR distances of the di-tau, di-b-jet, and di-Higgs systems. The mT2 variable is also included
in the training. Figure 10.12 shows the distributions of the BDT discriminant for t

µ

th channel
on the left and mT2 distribution for the thth di-tau final state on the right. The mT2 distribution
is used to extract the signal in the thth di-tau final state and the BDT discriminant for the t

µ

th
di-tau final state.

The expected significance for di-Higgs boson production is 0.5, and 0.7 standard deviations,
for t

µ

th, and thth di-tau final states, respectively. For the combination 0.9 standard deviations
are expected. The resulting expected uncertainty in the signal strength is approximately 105%.
Theoretical uncertainties in the Higgs boson production are included in this result. Renor-
malization and factorization scale uncertainties in the di-Higgs signal production are 20% for
NNLO calculation. The PDF uncertainty is 9%. The systematic uncertainty on luminosity is
taken to be 2.6%. Scale uncertainties on jets, tau leptons, and missing energy are also included.

The performance of the trigger system is crucial to achieve the result described above, in partic-
ular the capability to trigger on charged particles at Level-1. For the thth final state, the di-tau
trigger has an offline threshold of 56 GeV on both tau legs, and single tau trigger threshold is
88 GeV for the Level-1 sample menu described in this document. These thresholds are signifi-
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The expected significance for di-Higgs boson production is 0.5, and 0.7 standard deviations,
for t

µ

th, and thth di-tau final states, respectively. For the combination 0.9 standard deviations
are expected. The resulting expected uncertainty in the signal strength is approximately 105%.
Theoretical uncertainties in the Higgs boson production are included in this result. Renor-
malization and factorization scale uncertainties in the di-Higgs signal production are 20% for
NNLO calculation. The PDF uncertainty is 9%. The systematic uncertainty on luminosity is
taken to be 2.6%. Scale uncertainties on jets, tau leptons, and missing energy are also included.

The performance of the trigger system is crucial to achieve the result described above, in partic-
ular the capability to trigger on charged particles at Level-1. For the thth final state, the di-tau
trigger has an offline threshold of 56 GeV on both tau legs, and single tau trigger threshold is
88 GeV for the Level-1 sample menu described in this document. These thresholds are signifi-

* 𝛕h𝛕h !
— with m2T specially designed (arXiv 1309.6318) to remove tt !
— both taus with pT > 60 GeV or leading tau with                  
pT > 90 GeV and sub-leading tau pT > 45 GeV !

* 𝛕𝛍𝛕h!
— muon with pT > 30 GeV and tau with pT > 30 GeV
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The expected significance for di-Higgs boson production is 0.5, and 0.7 standard deviations,
for t
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th, and thth di-tau final states, respectively. For the combination 0.9 standard deviations
are expected. The resulting expected uncertainty in the signal strength is approximately 105%.
Theoretical uncertainties in the Higgs boson production are included in this result. Renor-
malization and factorization scale uncertainties in the di-Higgs signal production are 20% for
NNLO calculation. The PDF uncertainty is 9%. The systematic uncertainty on luminosity is
taken to be 2.6%. Scale uncertainties on jets, tau leptons, and missing energy are also included.
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trigger has an offline threshold of 56 GeV on both tau legs, and single tau trigger threshold is
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background is negligible in the signal region, as verified by studying the LHC data available atp
s = 8 TeV.
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Figure 10.12: mT2 (left) and BDT score (right) distributions in thth and t

µ

th channels, respec-
tively. The yields are the expected SM contributions.

A kinematic bounding variable, mT2, is introduced to further discriminate the dominant tt̄
background from the di-Higgs signal [239]. By construction, mT2 is bounded above by the
top quark mass for tt̄ background events while it is unbounded for di-Higgs signal events.
For the t

µ

th di-tau final states a BDT discriminant was trained to further exploit the boosted
kinematics of di-Higgs production. The input variables are the masses, transverse momenta,
and DR distances of the di-tau, di-b-jet, and di-Higgs systems. The mT2 variable is also included
in the training. Figure 10.12 shows the distributions of the BDT discriminant for t

µ

th channel
on the left and mT2 distribution for the thth di-tau final state on the right. The mT2 distribution
is used to extract the signal in the thth di-tau final state and the BDT discriminant for the t

µ

th
di-tau final state.

The expected significance for di-Higgs boson production is 0.5, and 0.7 standard deviations,
for t

µ

th, and thth di-tau final states, respectively. For the combination 0.9 standard deviations
are expected. The resulting expected uncertainty in the signal strength is approximately 105%.
Theoretical uncertainties in the Higgs boson production are included in this result. Renor-
malization and factorization scale uncertainties in the di-Higgs signal production are 20% for
NNLO calculation. The PDF uncertainty is 9%. The systematic uncertainty on luminosity is
taken to be 2.6%. Scale uncertainties on jets, tau leptons, and missing energy are also included.

The performance of the trigger system is crucial to achieve the result described above, in partic-
ular the capability to trigger on charged particles at Level-1. For the thth final state, the di-tau
trigger has an offline threshold of 56 GeV on both tau legs, and single tau trigger threshold is
88 GeV for the Level-1 sample menu described in this document. These thresholds are signifi-

* SM scenario — combination: !
0.9 𝛔 significance

* SM scenario: 0.7 𝛔 significance * SM scenario: 0.5 𝛔 significance

2

dominates. We use kinematical properties of the decay
of Eq. (2) to greatly reduce the tt̄ background.

While we focus on the bb̄⌧+⌧� mode in this letter, we
note that variants of the technique would be applicable
to a broader range of di-Higgs decay modes, particularly
others also involving the h ! bb̄ and h ! W+W� decays,
which have the largest branching ratios for a 125 GeV
Standard Model Higgs boson.

KINEMATIC BOUNDING VARIABLES

The dominant tt̄ background can be reduced by us-
ing the mT2 variable, sometimes called the ‘stransverse
mass’ [28, 29]. This mass-bound variable was designed
for the case where a pair of equal-mass particles decay,

A ! B + C

A0 ! B0 + C 0,

and where one daughter from each parent, B or B0, is a
visible particle, and the other, C or C 0 is not observed.
Since the Cs are invisible their individual four-momenta
are not known. However the vector sum p⌃

T of the trans-
verse momentum components of C and C 0 can be deter-
mined from momentum conservation in the plane per-
pendicular to the beam.

For any given event mT2 is defined to be the max-
imal possible mass of the parent particle A consistent
with the constraints; that is mT2 provides the greatest
lower bound on mA = mA0 given the experimental ob-
servables [30].

In the context of the di-Higgs decay (1) the dominant
background process (2) satisfies the assumptions under
which mT2 is useful: the dileptonic (di-tau) tt̄ back-
ground involves the pair-production of identical-mass
parents; and each of which decays to a final state which
contains visible particles (the b jets, and visible ⌧ de-
cay products) and invisible particles (the neutrinos both
from the W decays and from the leptonic or hadronic ⌧
decays). We can therefore build a kinematical variable
from the observed final state particles which is bounded
above by the top quark mass for the tt̄ background, but
remains unbounded above for the di-Higgs signal process.

The mT2 variable can be explicitly constructed [28] as

mT2(mB , mB0 ,bT,b0

T,p⌃
T, mC , mC0)

⌘ min
cT+c0

T=p⌃
T

{max (mT, m0

T)} , (3)

where mT is the transverse mass constructed from mB ,
mC , bT and cT, while m0

T is the transverse mass con-
structed from mB0 , mC0 , b0

T and c0T, and where the min-
imisation is over all hypothesised transverse momenta cT
and c0T for the invisible particles which sum to the con-
straint p⌃

T, which is usually the observed missing trans-
verse momentum /~pT. The transverse mass mT is itself

defined by

m2
T(bT, cT, mb, mc) ⌘ m2

b + m2
c + 2 (ebec � bT · cT) ,

where the ‘transverse energy’ e for each particle is defined
by

e2 = m2 + p2
T.

Variants† of mT2 address cases where some or all of the A,
B, A0 or B0 particles are composed of four-vector sums.
Such variants are designed for more complicated n-body
decays with n > 2 or for the case of sequential decays
with on-shell intermediates. While these mass-bounding
variables were originally proposed to gain sensitivity to
the masses of new particles at hadron colliders, they have
also proved e↵ective in searches [33–37].

For the hh ! bb̄⌧+⌧� case, an appropriate variable is
constructed as follows. The b jets resulting from each of
the two top quark decays enter (3) as the visible particles
B and B0. The components C and C 0 in (3) which form
the transverse momentum constraint should then be the
sum of the decay products of the W bosons. The appro-
priate vector sum p⌃

T for the constraint in (3) contains
both visible and invisible components,

p⌃
T ⌘ /~pT + pvis

T (⌧) + pvis
T (⌧ 0) (4)

= pT(W ) + pT(W 0),

where the first line sums the missing transverse momen-
tum /~pT (from all neutrinos from the leptonic W decays,
including subsequent leptonic or hadronic ⌧ decays), and
the visible transverse momentum from each of the two
reconstructed ⌧ candidates.

The resulting variable

mT2

�
mb, m

0

b,bT,b0

T,p⌃
T, mvis(⌧), mvis(⌧ 0)

�
(5)

is by construction bounded above by mt for the tt̄ back-
ground process (in the narrow width approximation, and
in the absence of detector resolution e↵ects). By con-
trast, for the hh signal the mT2 distribution can reach
very large values, in principle up to

p
s/2.

ELEMENTS OF THE ANALYSIS

Detector simulation

We model the e↵ects of detector resolution and e�-
ciency using a custom detector simulation based closely
on the ATLAS ‘Kraków’ parameterisation [38]. The

†See Ref. [31] for a recent review, and Ref. [32] for examples and
categorisation.
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still in the “visible” range !
— VV scattering —
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new measurements: VV scatering 

Adrian Perieanu  Origin of Mass 12‐14th August'13, Odensee 
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Figure 5: The signal significance as a function of fT8/Λ
4 (left) and fT9/Λ

4 (right).

Parameter dimension channel ΛUV [TeV]
300 fb−1 3000 fb−1

5σ 95% CL 5σ 95% CL

cφW/Λ
2 6 ZZ 1.9 34 TeV−2 20 TeV−2 16 TeV−2 9.3 TeV−2

fS 0/Λ
4 8 W±W± 2.0 10 TeV−4 6.8 TeV−4 4.5 TeV−4 0.8 TeV−4

fT1/Λ
4 8 WZ 3.7 1.3 TeV−4 0.7 TeV−4 0.6 TeV−4 0.3 TeV−4

fT8/Λ
4 8 Zγγ 12 0.9 TeV−4 0.5 TeV−4 0.4 TeV−4 0.2 TeV−4

fT9/Λ
4 8 Zγγ 13 2.0 TeV−4 0.9 TeV−4 0.7 TeV−4 0.3 TeV−4

Table 5: 5σ-significance discovery values and 95% CL limits for coefficients of higher-dimension oper-

ators. ΛUV is the unitarity violation bound corresponding to the sensitivity with 3000 fb−1 of integrated

luminosity.

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the Standard Model Higgs

boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1–29.

[2] CMS Collaboration, Observation of a new boson at a mass of 125 GeV with the CMS experiment

at the LHC, Phys. Lett. B 716 (2012) 30.

[3] D. Yang, Y. Mao, Q. Li, S. Liu, Z. Xu, et al., Probing W+W-gamma Production and Anomalous

Quartic Gauge Boson Couplings at the CERN LHC, JHEP 1304 (2013) 108,

arXiv:1211.1641 [hep-ph].

[4] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, Dimension-Six Terms in the Standard

Model Lagrangian, arXiv:1008.4884 [hep-ph].
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[5] C. Degrande, O. Eboli, B. Feigl, B. Jäger, W. Kilian, O. Mattelaer, M. Rauch, J. Reuter,

M. Sekulla, and D. Wackeroth, Monte Carlo tools for studies of non-standard electroweak gauge

boson interactions in multi-boson processes: A Snowmass White Paper,

arXiv:1309.7890 [hep-ph].

9

some of us will remain !
incurable dreamers
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future cannot have conclusions…
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nor summaries,!
only ideas…!

that you could take home

* HL LHC upgrade is well defined and scheduled !
* we have very good plans how to update our detectors!
— let’s hope that no external calamity will happen !
!
* with the new detectors:!
— we can measure signal strengths and relative !
couplings to percent level!
— we can access the 2nd lepton and quark generations!
— combining ATLAS and CMS results we can probably 
reach 3 𝛔 significance for the diHiggs production!
!
* with a bit of chance we could even talk after HL LHC about 
VV scattering

in the end is not looking !
so bad…



backup
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back into the future…

* this is how the pier !
looks nowadays!
— guys, don’t make a !
2nd Baikal lake
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back to physics…

* we like drawing plans and 
setting/checking up theories!
* but we often forget how small 
are the “new” signals that we are 
looking for  



!44Adrian Perieanu SUSY Tahoe Lake 27th August ’15

back to physics…

* and even more often, when we see a 
discrepancy from what we expect we hit 
it with “conservative attitude” blowing 
up the errors…!
* is time to stop doing this.

* on the way back…



a historical combination!
ATLAS + CMS: Higgs mass after Run I
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* statistic uncertainty

* energy scale and resolution

SUSY Tahoe Lake 27th August ’15

5

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 2: Summary of Higgs boson mass measurements from the individual analyses of AT-
LAS and CMS and from the combined analysis presented here. The systematic (narrower,
magenta-shaded bands), statistical (wider, yellow-shaded bands), and total (black error bars)
uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column
indicate the central value and the total uncertainty of the combined measurement, respectively.

for the prefit case and

dmHpostfit = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV (7)

for the postfit case, which are both very similar to the observed uncertainties reported in Eq. (3).

Constraining all signal yields to their SM predictions results in an mH value that is about
70 MeV larger than the nominal result with a comparable uncertainty. The increase in the
central value reflects the combined effect of the higher-than-expected H ! ZZ ! 4` measured
signal strength and the increase of the H ! ZZ branching fraction with mH. Thus, the fit
assuming SM couplings forces the mass to a higher value in order to accommodate the value
µ = 1 expected in the SM.

Since the discovery, both experiments have improved their understanding of the electron, pho-
ton, and muon measurements [16, 30–34], leading to a significant reduction of the systematic
uncertainties in the mass measurement. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the individual measurements and their com-
bination. The combined analysis incorporates approximately 300 nuisance parameters. Among
these, approximately 100 are fitted parameters describing the shapes and normalizations of the
background models in the H ! gg channel, including a number of discrete parameters that al-
low the functional form in each of the CMS H ! gg analysis categories to be changed [35]. Of
the remaining almost 200 nuisance parameters, most correspond to experimental or theoretical
systematic uncertainties.

Based on the results from the individual experiments, the dominant systematic uncertainties
for the combined mH result are expected to be those associated with the energy or momentum
scale and its resolution: for the photons in the H ! gg channel and for the electrons and
muons in the H ! ZZ ! 4` channel [14–16]. These uncertainties are assumed to be uncor-
related between the two experiments since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which are fully independent except for negli-
gible effects due to the use of the common Z boson mass [36] to specify the absolute energy and

* overall: 0.19% precision

 
 

Michael Duehrssen Higgs combination 7

ATLAS+CMS Higgs mass combination

… and the ATLAS+CMS combined Higgs boson mass is:

(0.19% precision!)

Compatibility of the 4 m
H
 measurements with the combined mass: 7-10%
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new ATLAS vs. CMS Tracker
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ATLAS

CMS

28 Chapter 2. Tracker
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Figure 2.4: Sketch of one quarter of the Tracker layout. Outer Tracker: blue lines correspond to
PS modules, red lines to 2S modules (see text). The Inner Pixel detector, with forward extension,
is shown in green.

• Improved two-track separation. The present Tracker has degraded track finding performance
in high-energy jets, due to hit merging in the Pixel detector. In order to optimally exploit the
statistics of the high-luminosity operation, the ability to distinguish two close-by tracks needs
to be improved.

• Reduced material in the tracking volume. The performance of the current Tracker is signifi-
cantly limited by the amount of material, which also affects the performance of the calorimeters
and of the overall event reconstruction in CMS. Operation at high luminosity will greatly ben-
efit from a tracker with significantly less material in the fiducial volume.

• Robust pattern recognition. Track finding at high pileup becomes increasingly more difficult
and time consuming. The layout of the upgraded Tracker should enable fast and efficient track
finding, which is particularly important for the high-level trigger (HLT).

• Compliance with the L1 trigger upgrade. The selection of interesting physics events at L1 be-
comes extremely challenging at high luminosity, not only because of the rate increase, but also
because selection algorithms become inefficient at high pileup. Therefore, in order to preserve
and possibly enhance the performance of CMS in a wide spectrum of physics channels, it is
foreseen to increase the maximum L1 rate and latency to 750 kHz and 12.5 µs, and to add
tracking information in the trigger decision, moving to L1 part of the reconstruction that is
today performed in the high-level trigger.

• Extended tracking acceptance. It has been demonstrated that the overall CMS physics capa-
bilities would greatly benefit from an extended coverage of the tracker and calorimeters in the
forward region (see 10). For the Tracker, this requirement mostly concerns the layout of the
Pixel detector.

In Sections 2.1.3 and 2.1.4 the main features of the upgraded Pixel and Outer Tracker are in-
troduced. Detailed descriptions of the two designs are presented in Sections 2.2 and 2.3. The
boundary between the two detectors is at around R = 20 cm, the same location as the interface
between the Pixel detector and the Strip detector in the present configuration of CMS. A sketch
of one quadrant of the Phase-II Tracker layout is shown in Fig. 2.4.

few more adjustments and they look alike
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Higgs LFV decay modes
LFV & Yukawa Kopplung
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0 Jet < 1.52%
1 Jet < 1.60%
2 Jet < 1.62%

kombiniert < 0.88%

Die Suche ist sensitiv für
Lepton-Flavour verletzenden

Higgszerfälle H ! e⌧µ mit einem
Verzweigungsverhältnis bis zu

0.88%.
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Kollineare-Massen Approximation
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* new expected limit on !
h → e 𝛕 is at 1%

* observed limit on h → 𝛍 𝛕: 1.57%!
* Yukawa coupling constraint
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and after 2015

signal strength  
𝛍!
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complete SM picture

hunt exotic decay modes and models
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The MC Higgs signal shown
is for B(H ! µt) = 0.84%. The bottom panel shows the fractional difference between the
observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The MC Higgs signal shown
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observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.

investigate the !
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SM double Higgs production

Preliminary recommendations on gg→hh total rate 

Update PDF uncertainties with PDF4LHC recommendation  
Better understanding of top-quark mass effects  

  may not be possible without full 2-loop calculation  

  
- PDF uncertainty ±2%, it is envelope of PDF sets  
- top mass effect uncertainty ±10%  

Next steps: 

Numbers provided by  

Mazzitelli and Grazzini 

Scale exact LO cross-section  
by NNLO K factor in Infinitive 
top mass limit 

SM hh production 

NNLO σ in fb with CTEQ10 

26/02/2015 26 
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NNLO 𝛔 in fb with CTEQ10

LHCHXSWG prospects

some of us will remain incurable dreamers

• Final recommendation for the SM gg→HH cross section 
• Recommendation on the best way to extract information on EFT 
 from differential cross section (with WG2) 
• Benchmarks for resonant/non-resonant BSM scenarios (with WG3)  
• Current status of signal generation with MG5_aMC@NLO  

• SM HH at NLO: arXiv:1401.7340, 1408.6542  

What  to expect for 13 TeV Analyses 

BSM: tthh coupling 
          at LO  26/02/2015 27 
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