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Same latest results on BEH physics from ATLAS and CMS



Timely Discovery

✦ Summer 2011: EPS and Lepton-Photon!

First (and last) focus on limits (scrutiny of the p0) 

✦ December 2011: CERN Council!

First hint 

✦ Summer 2012: CERN Council and ICHEP!

Discovery 

✦ December 2012: CERN Council!

Beginning of a new era of property measurement
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A'Textbook'and'Timely'
Discovery'

•  Summer'2011:'EPS'and'Lepton2Photon'
First'(and'last)'focus'on'limits'(scruLny'of'the'p0)'
'
'

•  December'2011:'CERN'Council'
First'hints'

•  Summer'2012:'CERN'Council'and'ICHEP'
Discovery!'

•  December'2012:'CERN'Council'
Begining'of'a'new'era'

2'



Detector makers & theory calculators

Tremendous progresses in theory calculations and 
simulation “next-to…” revolution. (unprecedented level of 
accuracy)
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Overview'of'Cross'SecLons'

Past'decade'tremendous'progresses'in'theory'calculaLons'and'simulaLon'“Next2to…'
revoluLon”''

Processes'are'simulated'to'an'unprecedented'level'of'accuracy'

Number'of'events'selected'in'
full'201022012'dataset'

'
W'(lν)''''~'100'M'

Z''(ll)'''''''~''10'M'
f''(l+X)'''~''0.4'M''
(top'factory)'

2  Test'Standard'Model'
predicLons'at'7'and'8'TeV'

'

2  Calibrate'the'detector'

20'

On the shoulders of giants: 
detector makers & theory calculators 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

7 “Yesterday’s discovery is today’s calibration, and tomorrow’s background.” – V. L. Telegdi [http://cern.ch/go/lf9C] [http://cern.ch/go/KD8D] 

W and Z bosons 

Inelastic collisions: ~7×1010 

Top quarks 

Higgs 

Six orders 
of 

magnitude 
of EWK, 
top, and 
Higgs 
Physics 



Production mode of SM Higgses

4

LHC 

How SM Higgses come to be 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

!  Gluon 
fusion 

!  VBF 

!  WH, ZH 

!  bbH, 
ttH 
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Higgs Production Modes 
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Gluon fusion process  

Vector Boson Fusion  

W and Z Associated Production 

NNnLO ~O(10%) 

Two forward jets and a large rapidity gap 

NLO TH uncertainty ~O(5%) 

NNLO TH uncertainty ~O(5%) 

Top Assoc. Prod. 

~0.5 M events produced 

~40 k events produced 

~20 k events produced 

~3 k evts produced 
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How SM Higgses come to be 
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LHC 

How SM Higgses come to be 
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LHC 

How SM Higgses come to be 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

!  Gluon 
fusion 

!  VBF 

!  WH, ZH 

!  bbH, 
ttH 

Total SM Higgs cross sections at the LHC

$(pp % H + X) [pb]
&s = 14 TeV
NLO / NNLO

MRST

gg % H (NNLO)

qq % Hqq
qq

_
' % HW

qq
_
 % HZ

gg/qq
_
 % tt

_
H (NLO)

MH [GeV]

10
-4

10
-3

10
-2

10
-1

1

10

10 2

100 200 300 400 500 600 700 800 900 1000
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LHC 

How SM Higgses come to be 
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LHC 

How SM Higgses come to be 
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Gluon fusion VBF WH, ZH bbH, ttH



SM Higgs Decays
• Dominant: bb    (57%) 

• WW channel     (22%) 

• ττ channel         (6.3%) 

• ZZ channel       (3%) 

• cc channel        (3%) 

• γγ channel        (0.2%) 

• Zγ channel       (0.2%) 

• µµ channel       (0.02%)

5

How SM Higgses pass away 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

!  Couplings and 
kinematics drive BR 
(bb̅, WW, ττ, ZZ). 
! Decays to photons 

(γγ, Zγ) through 
loops. 

[http://cern.ch/go/qkh6] 9 
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- Dominant: bb (57%) 

- ττ channel (6.3%) 
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- ZZ channel (3%) 

- The µµ channel (0.02%) 

- cc channel (3%) 
Extremely difficult 

- The Zγ (0.2%) 
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Property Measurement
• Mass and width 

• Coupling properties 

• Off Shell coupling and width 

• Fermion decay 

• Fiducial and Differential cross section measurement 

• Invisible search 

6



Improvement calibration procedure 
— electron

• Calorimeter non-uniformities and layer inter 
calibration correction. 

• New e/gamma MVA calibration 

• E-scale and resolution extracted with Z->ee  

• ES Unc. : 0.03%-0.05% for 40GeV ET 
electron, ER Unc.: 5-10% for 10-45GeV 
electron

7

• data/MC correction of the peak 
position of the Z mass (as function of 
time) 

• pt dependent linearity correction 

• MC smeared 

• ES Unc. ~0.3%, ER Unc. ~3%.

 [GeV]TE
10 20 30 40 50 60 70 80 90 100

 S
ca

le
∆

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
-e+ e→ ψJ/

-e+ e→Z 
Calibration uncertainty

|<0.60ηElectrons, |

ATLAS  -1=20.3 fbtdL∫=8 TeV, s

(a)
 [GeV]TE

10 20 30 40 50 60 70 80 90 100

 S
ca

le
∆

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
-e+ e→ ψJ/

-e+ e→Z 
Calibration uncertainty

|<1.37ηElectrons, 0.60<|

ATLAS  -1=20.3 fbtdL∫=8 TeV, s

(b)

 [GeV]TE
10 20 30 40 50 60 70 80 90 100

 S
ca

le
∆

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
-e+ e→ ψJ/

-e+ e→Z 
Calibration uncertainty

|<1.82ηElectrons, 1.37<|

ATLAS  -1=20.3 fbtdL∫=8 TeV, s

(c)
 [GeV]TE

10 20 30 40 50 60 70 80 90 100

 S
ca

le
∆

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
-e+ e→ ψJ/

-e+ e→Z 
Calibration uncertainty

|<2.47ηElectrons, 1.82<|

ATLAS  -1=20.3 fbtdL∫=8 TeV, s

(d)

Figure 1: Relative scale di↵erence, � Scale, between the measured electron energy scale and the nominal energy scale, as a function of ET using
J/ ! e+e� and Z! e+e� events (points with error bars), for four di↵erent ⌘ regions: (a) |⌘| < 0.6, (b) 0.6 < |⌘| < 1.37, (c) 1.37 < |⌘| < 1.82 and
(d) 1.82 < |⌘| < 2.37. The uncertainty on nominal energy scale for electrons is shown as the shaded area. The error bars include the systematic
uncertainties specific to the J/ ! e+e� measurement.
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Figure 2: Relative scale di↵erence, � Scale, between the measured photon energy scale using Z ! ``� events and the nominal energy scale: (a) as
a function of ET for unconverted photons, (b) as a function of ⌘ for unconverted photons, (c) as a function of ET for converted photons and (d) as a
function of ⌘ for converted photons. Photons reconstructed in the barrel/end-cap transition region are not considered. The Z ! ``� measurements
are the points with error bars. The uncertainty on the nominal energy scale for photons is shown as the shaded area. The error bars include the
systematic uncertainties specific to the Z ! ``� measurement.
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Object (electrons) 

! New e/gamma MVA calibration! 

!  Improved uncertainty on electron energy scale 
(2012) 

•  H4l: overall energy scale uncertainty reduced from 
0.4% to 0.04% for ET = 40 GeV  

•  Reduction > factor of 5 for electrons at ET = 10 
GeV  (0.2 – 1%) 

!  The uncertainty on the calorimetry energy 
resolution varies from 10% to 5% for ET from 
10 – 45 GeV improvement 10-30 % for 1.52 < |
� | < 1.8. 

! MVA calibration 
1)  data/MC correction of the peak position of the Z-

mass (as function of time) 
2)  pt dependent linearity correction  
3)  MC smeared 

!  After calibration the momentum scale and resolution is 
validated in data using j/ψ Z and Υ decays: 
o  The residual shift between data/Mc is assigned as 

sys error 0.3% in the 4e case and 0.1% 2mu2e 
o  Relative data/MC difference energy resolution (σeff) 

~3% for the different electron category  

ATLAS CMS 

24th June 2014 ATLAS Weekly - e/gamma calibration 3 

Calibration chain + improvements 

Data-driven corrections to improve agreement in the 
inputs to the energy calibration: improved resolution. 

New geometry: better description of the passive 
material distribution in front of the calorimeter 

25/7/14 L. Aperio Bella 5 

ATLAS CMS



Improvement calibration procedure 
— muon

• Muon calibration with J/ψ→µµ 
in additional to Z→µµ and 
corrections determined from fits. 

• Momentum scale correction are 
of the same order as their 
uncertainties: 0.04-0.2% 
depending on eta.

8

Object (muons) 

!  The major improvement in the muon 
calibration: use of the J/�	�+�− in addition 
to the Z	 �� sample in the MC correction 
procedure. 
o  simulation is corrected to match resolution and 

momentum scale in data 
o  corrections determined from fits to invariant mass 

distributions for Z 	 ��; J/� 	 �� 
(previously used as cross-check) - cross-checked 
with Y 	 �� 

! Momentum scale corrections are of the same 
order as their uncertainties: 0.04 – 0.2%, 
depending on �(for muons whose momentum 
is reconstructed from ID and MS) 

!  Absolute measurement of muon momentum scale 
and resolution is performed by using a reference 
model of the Z line shape convolved with a 
Gaussian function.  
o  The bias in the reconstructed muon pT and resolution 

is determined from the position of the Z, ; J/� ; Y peak 
vs pT η 
•  Scale correction is derived for the data.  
•  Resolution correction for MC 

!  Data /MC mass scales agreement is within 0.1% 
in the entire pseudo rapidity range of interest.  

ATLAS CMS 

Kinematic of 
the collinear 
muon pairs 
from J/� 
atypical 

25/7/14 L. Aperio Bella 6 

• Absolute measurement of muon 
momentum scale and resolution is 
performed by using a reference 
model of the Z line shape convolved 
with a Gaussian function. 

• Data/MC mass scale agreement is 
within 0.1% in the entire eta range 
of interest

03/07/2014 - ICHEP 2014, Matteo Sani 5

Muon Momentum

Muon p
T
 resolution varies between ~1.5% in barrel up to 6.0% in endcaps

(p
T
 range 5 to 70 GeV):

– Multiple scattering in Tracker dominant effect (detector alignment contribute to lesser extent).

Bias in reconstructed muon p
T
 is determined from Z peak position as a function of  kinematical variables 

and validated using Z and low-mass resonances (corrections applied in data accordingly, data/MC agreement 

0.1%).

Resolution in MC is corrected from a fit to the Z (and low-mass resonances) mass spectrum 

(relative data/MC difference 0.5%).

ATLAS CMS



Mass measurement @ ATLAS

• Analysis improvement:!

• Categories for mass in the diphoton 

• BDT-ZZ, far FSR corrections 

• Large improvement on systematics
9

Measurement'of'the'Higgs'boson'mass'
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2  Analyses'improvements'
2  Categories'for'mass'in'the'diphoton'
2  BDT2ZZ,'far'FSR'correcLons'

Expected'mass'shix'2450'+/2'350'MeV'

Use'of'BDT'ZZ'

2  Large'improvement'on'systemaLcs'
2  Increase'in'stat'uncertainty'in'diphoton:'

2  Lower'signal'rate'
2  FluctuaLon'of'the'error'(exp.'0.35'GeV)'

Old'
Old'

17'

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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Mass measurement @ CMS

• In H→ZZ, A matrix-element likelihood approach is used to construct kinematic 
discriminants. 

• In H→γγ, 25 event categories tagging all production modes and new background 
modelling.

10

(mH ¼ 126 GeV) are obtained from simulation, while the
normalization and shape of the reducible background is
estimated from control samples in data, as described in
Sec. IX B. The error bars on data points are asymmetric
Poisson uncertainties that cover the 68% probability
interval around the central value [134]. A clear peak around
m4l ¼ 126 GeV is seen, not expected from background
processes, confirming with a larger data sample the results
reported in Refs. [19–21,31]. The observed distribution is
in good agreement with the expected backgrounds and a
narrow resonance compatible with the SM Higgs boson
with mH around 126 GeV. The Z → 4l resonance peak
at m4l ¼ mZ is observed in agreement with simulation.
The measured distribution at masses greater than 2mZ is
dominated by the irreducible ZZ background, where the
two Z bosons are produced on shell.
The number of candidates observed in data as well as the

expected yields for background and several SM Higgs
boson mass hypotheses are reported in Table III, for
m4l > 100 GeV. The observed event rates for the various
channels are compatible with SM background expectations
in the m4l region above 2mZ, while a deviation is observed
in the lower region. Given that the excess of events
observed in the 4l mass spectrum is localized in a narrow
region in the vicinity of 126 GeV, the events expected in a
narrower range, 121.5 < m4l < 130.5 GeV, are reported
in Table IV. Table V reports the breakdown of the events
observed in data and the expected background yields in the
same m4l region in the two analysis categories, together

with the expected yield for a SM Higgs boson with
mH ¼ 126 GeV, split by production mechanism. The
m4l distribution for the sum of the 4e, 2e2μ, and 4μ
channels, in the mass region 70 < m4l < 180 GeV, is
shown in Fig. 10. Figure 11 shows the reconstructed
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FIG. 9 (color online). Distribution of the four-lepton recon-
structed mass in the full mass range 70 < m4l < 1000 GeV for
the sum of the 4e, 2e2μ, and 4μ channels. Points with error bars
represent the data, shaded histograms represent the backgrounds,
and the unshaded histogram represents the signal expectation for a
mass hypothesis ofmH ¼ 126 GeV. Signal and theZZ background
are normalized to the SM expectation; theZ þ X background to the
estimation from data. The expected distributions are presented as
stacked histograms. No events are observed withm4l > 800 GeV.

TABLE III. The number of observed candidate events com-
pared to the mean expected background and signal rates for each
final state. Uncertainties include statistical and systematic
sources. The results are given integrated over the full mass
measurement range m4l > 100 GeV and for 7 and 8 TeV data
combined.

Channel 4e 2e2μ 4μ 4l

ZZ background 77# 10 191# 25 119# 15 387# 31
Z þ X background 7.4# 1.5 11.5# 2.9 3.6# 1.5 22.6# 3.6
All backgrounds 85# 11 202# 25 123# 15 410# 31
mH ¼ 500 GeV 5.2# 0.6 12.2# 1.4 7.1# 0.8 24.5# 1.7
mH ¼ 800 GeV 0.7# 0.1 1.6# 0.2 0.9# 0.1 3.1# 0.2
Observed 89 247 134 470

TABLE IV. The number of observed candidate events com-
pared to the mean expected background and signal rates for each
final state. Uncertainties include statistical and systematic
sources. The results are integrated over the mass range from
121.5 to 130.5 GeV and for 7 and 8 TeV data combined.

Channel 4e 2e2μ 4μ 4l

ZZ background 1.1# 0.1 3.2# 0.2 2.5# 0.2 6.8# 0.3
Z þ X background 0.8# 0.2 1.3# 0.3 0.4# 0.2 2.6# 0.4
All backgrounds 1.9# 0.2 4.6# 0.4 2.9# 0.2 9.4# 0.5
mH ¼ 125 GeV 3.0# 0.4 7.9# 1.0 6.4# 0.7 17.3# 1.3
mH ¼ 126 GeV 3.4# 0.5 9.0# 1.1 7.2# 0.8 19.6# 1.5
Observed 4 13 8 25

TABLE V. The number of observed candidate events compared
to the mean expected background and signal rates for the sum of
the three final states for each of the two analysis categories.
Uncertainties include statistical and systematic sources. The
results are integrated over the mass range from 121.5 to
130.5 GeV and for 7 and 8 TeV data combined. The expected
signal yield for a SM Higgs boson with mH ¼ 126 GeV is
reported, broken down by the production mechanism.

Category 0/1-jet Dijet

ZZ background 6.4# 0.3 0.38# 0.02
Z þ X background 2.0# 0.3 0.5# 0.1
All backgrounds 8.5# 0.5 0.9# 0.1
ggH 15.4# 1.2 1.6# 0.3
tt̄H $ $ $ 0.08# 0.01
VBF 0.70# 0.03 0.87# 0.07
WH 0.28# 0.01 0.21# 0.01
ZH 0.21# 0.01 0.16# 0.01
All signal, mH ¼ 126 GeV 16.6# 1.3 3.0# 0.4
Observed 20 5
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Measurement'of'the'Higgs'boson'mass'
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4.1 Mass of the observed state 11
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Figure 1: The 68% CL contours for the signal strength s/sSM versus the boson mass mH for
the gg (green) and 4` (red) final states, and their combination (black). The symbol s/sSM
denotes the production cross section times the relevant branching fractions, relative to the SM
expectation. In this combination, the relative signal strength for the two decay modes is set to
the expectation for the SM Higgs boson.
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• Signal observed in the different search channels originate from a signal narrow resonance 
~125GeV. 

• Narrow-width approximation: 

Scalar coupling deviations framework 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

[arXiv:1307.1347] 61 

!  Single state, spin 0, and CP-even.  
!  Narrow-width approximation: (σ×BR) =σ�Γ/ΓH 

Framework for scalar coupling analysis

12

recent phenomenological works of Refs. [318–320] which have been further extended in several direc-
tions [321–408] along the lines that are formalized in the present recommendation. While the interim
framework is not final, it has an accuracy that matches the statistical power of the datasets that the LHC
experiments have collected until the end of the 2012 LHC run and is an explicit attempt to provide a
common ground for the dialogue in the, and between the, experimental and theoretical communities.

Based on that framework, a series of benchmark parameterizations are presented in Section 10.3.
Each benchmark parameterization allows to explore specific aspects of the coupling structure of the
new state. The parameterizations have varying degrees of complexity, with the aim to cover the most
interesting possibilities that can be realistically tested with the LHC 7 and 8 TeV datasets. On the one
hand, the framework and benchmarks were designed to provide a recommendation to experiments on
how to perform coupling fits that are useful for the theory community. On the other hand the theory
community can prepare for results based on the framework discussed in this document.

10.2.1 Idea and underlying assumptions
The idea behind this framework is that all deviations from the SM are computed assuming that there is
only one underlying state at ∼ 125 GeV. It is assumed that this state is a Higgs boson, i.e. the excitation
of a field whose vacuum expectation value (VEV) breaks electroweak symmetry, and that it is SM-like,
in the sense that the experimental results so far are compatible with the interpretation of the state in
terms of the SM Higgs boson. No specific assumptions are made on any additional states of new physics
(and their decoupling properties) that could influence the phenomenology of the 125 GeV state, such
as additional Higgs bosons (which could be heavier but also lighter than 125 GeV), additional scalars
that do not develop a VEV, and new fermions and/or gauge bosons that could interact with the state at
125 GeV, giving rise, for instance, to an invisible decay mode.

The purpose of this framework is to either confirm that the light, narrow, resonance indeed matches
the properties of the SM Higgs, or to establish a deviation from the SM behavior, which would rule out
the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of
EWSB would obviously be to test the compatibility of the observed patterns with alternative frameworks
of EWSB.

In investigating the experimental information that can be obtained on the coupling properties of
the new state near 125 GeV from the LHC data collected so far the following assumptions are made45:

– The signals observed in the different search channels originate from a single narrow resonance
with a mass near 125 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

– The width of the assumed Higgs boson near 125 GeV is neglected, i.e. the zero-width approxima-
tion for this state is used. Hence the signal cross section can be decomposed in the following way
for all channels:

(σ · BR) (ii → H→ ff ) =
σii · Γff

ΓH
(92)

where σii is the production cross section through the initial state ii , Γff the partial decay width
into the final state ff and ΓH the total width of the Higgs boson.

Within the context of these assumptions, in the following a simplified framework for investigating
the experimental information that can be obtained on the coupling properties of the new state is outlined.
In general, the couplings of the assumed Higgs state near 125 GeV are “pseudo-observables”, i.e. they
cannot be directly measured. This means that a certain “unfolding procedure” is necessary to extract
information on the couplings from the measured quantities like cross sections times branching ratios
(for specific experimental cuts and acceptances). This gives rise to a certain model dependence of the

45The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values 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 theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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iv.b Combining Coupling measurements

Combined signal strength results for µ and µVBF+VH/µggF+ttH:
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values 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 theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, re-
spectively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the statistical uncertainty (top), the total (experimental
and theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors � j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor �2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e�ective scale factors �� and �g for the processes H � �� and gg � H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors �t,
�b, �W, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e�ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section

8

Overall signal production strength: µ = 1.30+0.18
�0.17

Evidence for VBF+VH: µVBF+VH/µggF+ttH = 1.4+0.7
�0.5
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Fermion VS vector couplings
• One multiplier for the Higgs coupling to fermions: 

• One multiplier for the Higgs coupling to vector bosons:
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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Figure 6 shows the results of this fit. The best-fit values and uncertainties, when profiling the other
parameter, are:

lFV = 0.86+0.14
�0.12

kVV = 1.28+0.16
�0.15.

Similarly to the above case, Figure 6(a) shows the determination of the sign of lFV . Figure 6(c) shows
the two-dimensional likelihood contours. The two variables are anticorrelated because only their product
appears in the model. The two-dimensional compatibility of the SM hypothesis with the best-fit point is
10%.
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Figure 6: Results of fits for the 2-parameter benchmark model defined in Section 5.2.2 that probe di↵erent
coupling strength scale factors for fermions and vector bosons without assumptions on the total width:
(a) coupling scale factor ratio lFV (kVV is profiled); (b) coupling scale factor ratio kVV (lFV is profiled).
The dashed curves show the SM expectations. The thin dotted and dashed-dotted lines in (b) indicate the
continuations of the likelihood curves when restricting the parameters to either the positive or negative
sector of lFV ; (c) correlation contours of the same variables.

5.2.3 Summary

The coupling of the new particle to fermions is observed directly in the H ! ⌧⌧ channel at more than
4� [6], while the H ! bb̄ channel is compatible both with the SM Higgs boson and SM background.
This coupling is also observed indirectly through the constraints from the channels which are dominated
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• One multiplier for the Higgs coupling to fermions:  κF = κb = κt = κτ  
• One multiplier for the Higgs coupling to vector bosons:   κV = κW = κZ  
• Assumes no new particles coupling to the Higgs in loops or decays
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λFV = κF / κV

Consistent with  
SM expectation 

p-value = 0.10
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coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
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total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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Figure 6 shows the results of this fit. The best-fit values and uncertainties, when profiling the other
parameter, are:

lFV = 0.86+0.14
�0.12

kVV = 1.28+0.16
�0.15.

Similarly to the above case, Figure 6(a) shows the determination of the sign of lFV . Figure 6(c) shows
the two-dimensional likelihood contours. The two variables are anticorrelated because only their product
appears in the model. The two-dimensional compatibility of the SM hypothesis with the best-fit point is
10%.
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Figure 6: Results of fits for the 2-parameter benchmark model defined in Section 5.2.2 that probe di↵erent
coupling strength scale factors for fermions and vector bosons without assumptions on the total width:
(a) coupling scale factor ratio lFV (kVV is profiled); (b) coupling scale factor ratio kVV (lFV is profiled).
The dashed curves show the SM expectations. The thin dotted and dashed-dotted lines in (b) indicate the
continuations of the likelihood curves when restricting the parameters to either the positive or negative
sector of lFV ; (c) correlation contours of the same variables.

5.2.3 Summary

The coupling of the new particle to fermions is observed directly in the H ! ⌧⌧ channel at more than
4� [6], while the H ! bb̄ channel is compatible both with the SM Higgs boson and SM background.
This coupling is also observed indirectly through the constraints from the channels which are dominated

12

• One multiplier for the Higgs coupling to fermions:  κF = κb = κt = κτ  
• One multiplier for the Higgs coupling to vector bosons:   κV = κW = κZ  
• Assumes no new particles coupling to the Higgs in loops or decays

10

λFV = κF / κV

Consistent with  
SM expectation 

p-value = 0.10

Couplings)to)vector)bosons)and)fermions)

•  Map$vectorNboson$and$fermionic$couplings$into$κV$and$κf(
•  two=quadrant(⬋(and(one%quadrant(⬊(
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All decay channels converging around SM expectation



Summary of coupling measurement
• Six benchmarks models probing:!

✦ Fermions and vector bosons!
✦ custodial symmetry!
✦ up/down fermion coupling ratio!
✦ Lepton/quark coupling ratio!
✦ BSM in loops: gluons and photons!
✦ Extra width

15

Summary of coupling measurements
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Figure 15: Summary of the coupling scale factor measurements for mH = 125.5 GeV. The best-fit values
are represented by the solid black vertical lines. The measurements in the di↵erent benchmark models,
separated by double lines in the figure, are strongly correlated, as they are obtained from fits to the same
experimental data. Hence, they should not be considered as independent measurements and an overall
�2-like compatibility test to the SM is not possible. For each model the n-dimensional compatibility of
the SM hypothesis with the best fit point is given by pSM.
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!  Summary of the fits of six 
benchmarks models 
probing: 
!  Fermions and vector bosons. 
!  Custodial symmetry. 
!  Up/down fermion coupling 

ratio. 
!  Lepton/quark coupling ratio. 
!  BSM in loops: gluons and 

photons. 
!  Extra width: BRBSM. 

!  No significance deviations 
from SM. 

[CMS-PAS-HIG-14-009] [arXiv:1307.1347] 

λxy = κx/κy  
 No significance deviations from SM
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Figure 14: Summary of the coupling scale factor measurements in the generic models discussed in
Section 5.6: a) generic model 1, only SM particles; b) generic model 2, independent k�, kg and no
assumption on the total width. The best-fit values are represented by the solid vertical lines, with the
total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, respectively. For each
model the n-dimensional compatibility of the SM hypothesis with the best-fit point is given by pSM.
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!  Most general 
benchmark 
floating the total 
width. 
! Same ttH-related 

excess in 
λtg = κtop/κgluon. 

[CMS-PAS-HIG-14-009] [arXiv:1307.1347] 

λxy = κx/κy ; κxy = κxκy/κH 
 

Most general benchmark without the total width assumption



Summary of coupling measurement

• Same ttH-related excess in λtg
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! Same ttH-related 
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λtg = κtop/κgluon. 

[CMS-PAS-HIG-14-009] [arXiv:1307.1347] 

λxy = κx/κy ; κxy = κxκy/κH 
 

Most general benchmark without the total width assumption
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Higgs Yukawa coupling Yt

• Indirect constraints on the Yt from measuring top-quark dominant loop-
induced process like gg→H or H→γγ decays.(No beyond-standard model 
particles) 

!

!

!

• Direct measurement of Yt in ttH production 

!

• tH produce,  a small contribution due to a destructive interference, while 
sensitive to the sign of Yt
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Motivation
After the Higgs discovery main focus is on the measurement of its properties
‣ couplings to fermions and gauge boson
Top quark is the most strongly-coupled SM particle ( Yt ~ 1)

2

Indirect constraints on the top-
Higgs Yukawa coupling Yt

‣ loop diagrams with top quarks 
contribute to ggH production and 
H→γγ decays

‣ assumes no new particles

Direct measurement of  Yt  in 
ttH production
‣ allows probing new physics in ggH 

and γγH effective vertices

tH production is sensitive to the 
sign of Higgs Yukawa coupling Yt

Higgsstrahlung from top quarks 

Higgs production
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Higgs decay to photons

t,W,?

_

�(tt̄H) / g2
tt̄H

E.Shabalina - Search for Higgs in association with top - ICHEP 2014 03/07/2014

Motivation
After the Higgs discovery main focus is on the measurement of its properties
‣ couplings to fermions and gauge boson
Top quark is the most strongly-coupled SM particle ( Yt ~ 1)

2

Indirect constraints on the top-
Higgs Yukawa coupling Yt

‣ loop diagrams with top quarks 
contribute to ggH production and 
H→γγ decays

‣ assumes no new particles

Direct measurement of  Yt  in 
ttH production
‣ allows probing new physics in ggH 

and γγH effective vertices

tH production is sensitive to the 
sign of Higgs Yukawa coupling Yt

Higgsstrahlung from top quarks 

Higgs production

t,b,?

Higgs decay to photons

t,W,?

_

�(tt̄H) / g2
tt̄H

E.Shabalina - Search for Higgs in association with top - ICHEP 2014 03/07/2014

Motivation
After the Higgs discovery main focus is on the measurement of its properties
‣ couplings to fermions and gauge boson
Top quark is the most strongly-coupled SM particle ( Yt ~ 1)

2

Indirect constraints on the top-
Higgs Yukawa coupling Yt

‣ loop diagrams with top quarks 
contribute to ggH production and 
H→γγ decays

‣ assumes no new particles

Direct measurement of  Yt  in 
ttH production
‣ allows probing new physics in ggH 

and γγH effective vertices

tH production is sensitive to the 
sign of Higgs Yukawa coupling Yt

Higgsstrahlung from top quarks 

Higgs production

t,b,?

Higgs decay to photons

t,W,?

_

�(tt̄H) / g2
tt̄H

1 Introduction

After the decades-long search for the Higgs boson [1–3], a particle consistent with the Standard Model
(SM) Higgs boson has been discovered recently at the Large Hadron Collider (LHC) [4, 5]. A notable
property of the SM Higgs boson is its predicted large Yukawa coupling to top quarks, YSM

t . The mea-
surement of Yt is particularly important for understanding electroweak symmetry breaking and allows
for testing theories beyond the SM (BSM).

The value of Yt is indirectly tested by measurements sensitive to gluon-gluon fusion, ggF, the dom-
inant Higgs production mechanism at the LHC, which receives large contributions from loop diagrams
involving the top quark. In addition, Yt is probed in the decay of the Higgs boson to two photons,
H ! ��, as the decay width also involves loop diagrams with top quarks [6]. However, Yt can be di-
rectly measured in the production of top-antitop quark pairs, tt̄, in association with a Higgs boson [7–11],
tt̄H.

The production of the Higgs boson in association with a single top quark, tH 1, is also sensitive to Yt.
Three processes contribute to tH production [12–16]: tHqb production, WtH production and s-channel
tH production, where the latter is neglected in this note due to the much smaller cross section compared
to tHqb and WtH production. Example Feynman diagrams for tHqb and WtH production are shown in
Fig. 1.
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g t
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W

(c)
b

g W

H

t

(d)

Figure 1: Feynman diagrams [17] showing examples for tHqb (a, b) and WtH production (c, d). Higgs
boson radiation o↵ top quark and W boson lines is depicted. The tHqb process is shown in the four-flavor
scheme where no b-quarks are assumed to be present in the proton [18].

In the SM, tH production is suppressed by the destructive interference between t-channel diagrams
with Higgs bosons emitted from W boson and top quark lines, as for example shown in Fig. 1 (a) and
(b). In BSM theories, however, Yt can have non-SM values, and in particular the relative sign of Yt
and the Higgs boson-W boson coupling, gHWW , can be di↵erent from the SM prediction, which could
lead to constructive instead of destructive interference in tH production. Hence, the tH production cross
section is not only sensitive to magnitude of Yt, but in contrast to tt̄H production, it is also sensitive to
the relative sign of Yt and gHWW . A scale factor, t, is introduced to describe the relation between Yt and
its SM value: Yt = tYSM

t . Values of t , 1 imply modifications of the Brout-Englert-Higgs mechanism
and are assumed here to leave the top quark mass and decay properties unchanged. Furthermore, only
SM particles are assumed to contribute to the decay width of the Higgs boson.

This note reports the search for H ! �� in association with top quarks channel using data recorded
with the ATLAS detector [19]. Measurements in the H ! �� decay channel are challenging due to
the small SM BR(H ! ��) = 2.28 ⇥ 10�3 for Higgs boson masses, mH , around 125 GeV. However,
the diphoton final state allows mH to be reconstructed with excellent resolution, strongly reducing the
contribution from backgrounds that have a falling spectrum of the reconstructed invariant diphoton mass,
m��, called continuous background in the following. The contribution from the continuous background
can be derived from data sidebands, thus not relying on theory assumptions. A previous search for tt̄H
production at the LHC has explored the H ! bb decay of the Higgs boson [20], setting an upper limit at

1For simplicity, tH refers equally to t̄H in this note.

1



ttH: H→γγ and H→bb
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Results 

Combination of leptonic and 
hadronic channels
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ttH: H→bb and H→ττ

• BDT to separate signal from background 

• 7 SL+jets, 3 DL+jets, 6 tau channels 20
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Figure 28: Comparison of yields for all the different categories and channels. The plot on the
left is using the pre-fit background normalizations and uncertainties. The signal curve shown
on the left is normalized according to SM expectation, multiplied by a factor of 30. The plot
on the right is using the best-fit nuisance parameter values. The signal curve on the right is
normalized to the best fit signal strength µ multiplied by a factor of 30.
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µ = s/sSM for the lepton + jets, dilepton, tau and gg channels separately from the 2012 8 TeV
dataset, the combination of the lepton + jets and dilepton channels from the 2011 7 TeV dataset,
and the combination of all of the channels, for mH = 125 GeV.
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Exp Obs
Channel (s/sSM) (s/sSM)

LJ 4.7 4.9
DIL 8.2 9.1

TAU 14.2 13.2
7 TeV LJ + DIL 6.7 5.9

gg 5.4 5.5
COMB 2.7 3.4

Table 8: The observed and expected 95% CL upper limits of µ = s/sSM for the lepton + jets,
dilepton, tau and gg channels separately from the 2012 8 TeV dataset, the combination of the
lepton + jets and dilepton channels from the 2011 7 TeV dataset, and the combination of all of
the channels, for mH = 125 GeV.

Channel µttH
LJ �0.10+2.53

�2.58
DIL +1.23+4.20

�4.69
TAU �0.73+6.14

�5.24
7 TeV LJ + DIL �2.82+4.16

�4.92
gg +0.21+2.18

�1.46
COMB +0.74+1.34

�1.30

Table 9: The best-fit value of µ = s/sSM for the lepton + jets, dilepton, tau and gg channels sep-
arately from the 2012 8 TeV dataset, the combination of the lepton + jets and dilepton channels
from the 2011 7 TeV dataset, and the combination of all of the channels, for mH = 125 GeV.

9 Conclusions
A search for the standard model Higgs boson produced in association with a top-quark pair
has been performed at the CMS experiment using the full 2012 data sample, corresponding to
an integrated luminosity of 19.5 fb�1 at

p
s = 8 TeV. Events are considered where the top-quark

pair decays to either one lepton+jets (tt ! `nqq0bb) or dileptons (tt ! `+n`�nbb), ` being an
electron or a muon. The search has been optimized for the H ! bb and H ! t+t� decay
modes.

Combining the results from the lepton + jets, dilepton and tau channels, the observed and
expected limits on the cross section for Higgs boson production in association with top-quark
pairs for a Higgs boson mass of 125 GeV are 5.2 and 4.1 times the standard model expectation,
respectively. The best-fit value for the signal strength µ is 0.85+2.47

�2.41 (68% CL).

The results presented here are also combined with previously released ttH results using inde-
pendent datasets. For a Higgs mass of 125 GeV, the combined expected limit is 2.7 times SM
expectation, while the observed limit is 3.4 times SM expectation. The best-fit value from the
combination for the signal strength µ is 0.74+1.34

�1.30.
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ttH: H→bb
• Improved performance: 

• Under ttH(bb) or ttbb hypothesis, 
a discriminant of Event probability 
(Ps/b) based on matrix element 
probabilities. 

• Single lepton (SL) and di-lepton 
(DL) topologies.
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Figure 5: Distribution of the Ps/b discriminant in the high-purity categories. Events with a
value of Ps/b on the left of the vertical solid line are split into two bins of Pb/j. The signal
yield is the amount predicted by the standard model (µ = 1). The background yields are from
the combined fit to the final discriminant with µ constrained to 1. The bottom panel of each
plot shows the ratio between the observed events and the expectation from simulation, with
statistical and systematical uncertainties on the expectations after the fit.

Category Observed Median Median 68% CL 95% CL
Signal Injected Range Range

SL Cat-1 7.1 6.4 5.5 [3.7, 8.4] [2.7, 13]
SL Cat-2 4.3 8.4 7.2 [4.9, 11] [3.6, 16]
SL Cat-3 7.5 7.1 6.7 [4.6, 10] [3.4, 14]

DL 7.0 6.9 6.7 [4.6, 10] [3.3, 15]
All comb. 3.3 3.9 2.9 [2.1, 4.3] [1.5, 6.2]

Table 3: Observed and expected post-fit limits, with their 68% and 95% confidence intervals,
broken-up by category, and for the combined fit. Based on 19.5 fb�1 at

p
s = 8 TeV.
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Figure 7: Observed and expected limits, with their 68% and 95% confidence intervals, broken-
up by category (top), and the best-fit value of the signal strength modifier µ (bottom).
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Direct Width measurement
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Figure 20: (left) Scan of the negative log likelihood �2D lnL versus the SM Higgs boson
mass mH, for each of the three channels separately and the combination of the three, where
the dashed line represents the scan including only statistical uncertainties when using the 3D
model. (right) Scan of �2D lnL versus mH for the combination of the three channels, and using
the 1D fit (Lm,G

1D ), 2D fit (Lm,G
2D ), and 3D fit (Lm,G

3D ). The horizontal lines at �2D lnL = 1 and 3.84
represent the 68% and 95% CL’s, respectively.

95% CL The expected upper limit is 2.8 GeV.
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Figure 21: Scan of the average expected and observed negative log likelihood �2D lnL versus
the tested SM Higgs boson width GH obtained with the 3D fit (Lm,G
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�2D lnL = 1 and 3.84 represent the 68% and 95% CL’s, respectively.

13.3 Signal strength

The measured signal strength is µ = s/sSM = 0.93+0.26
�0.23 (stat.)+0.13

�0.09 (syst.) at the best-fit mass
(mH = 125.6 GeV) with the models of Eqs. (12) and (13) for the 0/1-jet category and the dijet
category, respectively. The median expected signal strength is µ = 1.00+0.31

�0.26, for which the
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obs.(exp.)@ 95% CL H→γγ H→ZZ

ATLAS 5.0 (6.2) GeV 2.6 (6.2) GeV

CMS 2.4 (3.1) GeV 3.4 (2.8) GeV

Standard Model predicts a width of Γ=4.2MeV (3 order of 
magnitude smaller)



Off-shell Higgs coupling properties measurement

• Sizeable off-shell contribution, large negative interference. 

• No assumption on gg->ZZ continuum background:
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Further constraint the Higgs width via indirect measurements based 
on off-shell higgs production
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Indirect width measurement

• Treatment of ggZZ background k-factors: 

• CMS uses 10% flat uncertainty 

• ATLS: a results with a scan of the k-factors. 

• Treatment of the interference uncertainties: 

• CMS: 10% (correlated with ggZZ bkg) 

• ATLAS: 30% uncorrelated with the rest
24
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Likelihood profiling 

• Reminder : SM predicts : 
• ΓH = 4.2MeV 

 
• 95% C.L. Limits on ΓH : 

• Expected : 33MeV  
• Observed : 22MeV 

 
• ΓH  Measurement : 

• Expected : 4.2+13.5
-4.2 MeV 

• Observed : 1.8+7.7
-1.8  MeV 

 
• Combination improves the 

individual limits by ~20% 
 

• Compatibility between the 
observed results and the SM 
hypothesis lead to a  
p-value of 0.24 
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coupling'κg'in'the'
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Γ/ΓSM =obs.(exp.) CMS ATLAS

4l 8.0(10.1) 7.2(10.2)

2l2ν 8.1(10.6) 11.3(9.9)

combined 5.4(8.0) 6.7(7.9)



H→bb
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E.Shabaina -- ICHEP report: Fermions 17/07/2014

VH(bb) 

4

Phys. Rev. D 89, 012003 (2014)

2.1σ excess in 
agreement with 
SM expectation

MVA analysis

‣ qqZH NNLO calculation (95% of total) was 
included

‣ ggZH was not available and not included

‣ corrects σ up in high pT category by 30% 

‣ inclusion is expected to reduce μ by 10% 

E.Shabaina -- ICHEP report: Fermions 17/07/2014

VH(bb)

3

‣ combined signal strength 
consistent with 0

‣ 1.3σ away from μ=1
‣ 0.3σ away from μ=0

‣ 8 TeV result has some excess

‣ 7 TeV result has 2σ deficit

E.Shabaina -- ICHEP report: Fermions 17/07/2014

VH(bb) 

4

Phys. Rev. D 89, 012003 (2014)

2.1σ excess in 
agreement with 
SM expectation

MVA analysis

‣ qqZH NNLO calculation (95% of total) was 
included

‣ ggZH was not available and not included

‣ corrects σ up in high pT category by 30% 

‣ inclusion is expected to reduce μ by 10% 

E.Shabaina -- ICHEP report: Fermions 17/07/2014

VBF

5

CMS-PAS-HIG-13-011

‣ Final result coming soon
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H→ττ
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E.Shabalina - ICHEP report: Fermions 17/07/2014

H →ττ
Include 6 di-tau decay channels
‣ 0-jet, 1-jet and VBF categories 

(gluon fusion and VBF)
‣ l+ττ(WH) ll+ττ(ZH)

14

JHEP05(2014)104

Mass: 122 ± 7 GeV

3.2σ evidence (3.7σ expected) 
for H→ττ 

E.Shabalina - ICHEP report: Fermions 17/07/2014

best fit μ=0.78 ±0.27

15

H →ττ

constraint on fermionic and 
bosonic couplings 
sensitivity to bosonic coupling 
from H→WW and VBF

H→WW treated as signal 

E.Shabalina - ICHEP report: Fermions 17/07/2014

H →ττ

MVA analysis

Two categories per channel
‣ boosted 
‣ VBF

17

Expected significance at 
MH=125 GeV: 3.2σ

Observed significance 
at MH=125 GeV: 4.1σ

Events weighted by
ln(1+S/B) of
corresponding bin
in BDT score

E.Shabalina - ICHEP report: Fermions 17/07/2014

H →ττ results

best fit μ=1.4+0.5-0.4

18

obs. (exp.) significance: 3.8(4.4)σ

obs. (exp.) significance: 4.1(3.2)σ

μ=0.83±0.24

μ=1.4+0.5-0.4



H→µµ

• Br(H→µµ)<1.5×10
-3

 @ 95% CL. 

• As expected, Higgs boson decays to leptons are not universal

27
E.Shabalina - ICHEP report: Fermions 17/07/2014

H→μμ
Search for a narrow 
H→μμ resonance
CMS: Observed (expected) 
limit: 7.4×SM (5.1×SM)

ATLAS: Observed 
(expected) limit: 7.0×SM 
(7.2×SM)

Br (H→μμ) <1.5×10-3

As expected, Higgs boson 
decays to leptons are not 
universal 

19

CMS-PAS-HIG-13-007

arXiv: 1406.7336 

NEW

H→µµ – Results 

•  Data consistent with the expected 
background 

•  Observed (expected) limit for 125.5 
GeV Higgs boson at 95% CL: 7.0xSM 
(7.2xSM)   

•  95% CL limit on BR(H→µµ): 
1.5x10-3 

–  Higgs does not decay to µ:s at the same 
rate as to τ:s 

•  Result limited by data statistics: lots of 
potential for Run-2 

Elias Coniavitis - ICHEP 2014 - Valencia - 4/7/2014 15"

obs. (exp.) limit: 7.4(5.1) obs. (exp.) limit: 7.0(7.2)



Search for H→τµ

• Observed (expected) limits: 1.57%(0.75%) 

• Background-only p-value of 0.007 (2.46σ) 

• Best-fit: B(H→µτ)=0.89
+0.40

-0.37% 

• Translate branching ratio limit to limits on Yukawa couplings: 

28
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Results

Observed (expected) limit: 1.57% 
(0.75%)
Background-only p-value of 0.007 
(2.46σ)
Best fit: 0.89+0.40-0.37% 
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Translate into limit on Yukawa coupling 
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Results

Observed (expected) limit: 1.57% 
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Background-only p-value of 0.007 
(2.46σ)
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!
•  Translate branching ratio !

limits to limits on Yukawa 
couplings!

•  Previous best limit from τ→µγ:!
|Yµτ|/|Yτµ| < 0.016!

•  Observed limit:!
|Yµτ|/|Yτµ| < 0.0036 

•  Large improvement of 
previous limits 

!
Jan Steggemann!

 A. Levine 59

Limits on Yukawa Couplings

● Best prior limit 
on Yukawa 
couplings:

● Current 
observed limit: 

For PAS

 A. Levine 59

Limits on Yukawa Couplings

● Best prior limit 
on Yukawa 
couplings:

● Current 
observed limit: 

For PAS



Fiducial and Differential Cross sections
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Fiducial and Differential Cross sections

• Large number of observable tested 

• Compatibility is quantified via 1st/2nd moment and χ2: Broadly in line with 
theoretical expectations.

30
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Figure 9. (a) The ratio of the first moment (mean) of each di↵erential distribution predicted by
the theoretical models to that observed in the data. (b) The ratio of the second moment (RMS)
of each di↵erential distribution predicted by the theoretical models to that observed in the data.
The intervals on the vertical axes each represent one of the di↵erential distributions. The band for
each theoretical prediction represents the corresponding uncertainty in that prediction (see text for
details). The error bar on the data represents the total uncertainty in the measurement, with the
grey band representing the systematic-only uncertainty.

11 Summary and conclusion

Measurements of cross sections for Higgs boson production were presented in the diphoton

decay channel for proton–proton collisions at a centre-of-mass energy of
p
s = 8 TeV. The

data were recorded by the ATLAS experiment at the CERN Large Hadron Collider and

correspond to an integrated luminosity of 20.3 fb�1. The data were corrected for detector

ine�ciency and resolution and are published in HEPDATA. The pp ! H ! �� cross

section was measured to be

43.2± 9.4 (stat.)+3.2
�2.9 (syst.)± 1.2 (lumi) fb,

for a Higgs boson of mass 125.4 GeV decaying to two isolated photons with transverse

momentum greater than 35% (25%) of the diphoton invariant mass and have absolute

pseudorapidity less than 2.37. Four additional fiducial cross sections and two cross-section

limits were also presented. In addition, twelve di↵erential cross sections were measured

within the baseline fiducial volume defined by the kinematics of the two photons. Collec-

tively, these measurements probe the Higgs boson kinematics, the jet activity produced in

association with the Higgs boson, and the prevalence of vector-boson fusion, as well as the

spin, charge conjugation and parity nature of the Higgs boson. In all cases, the data are

in agreement with Standard Model expectations.
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Variable Powheg Minlo HJ Minlo HJJ Hres

p��
T

0.12 0.10 0.09 0.12
|y�� | 0.81 0.83 0.83 0.80
|cos ✓⇤| 0.59 0.57 0.58 0.56
N

jets

0.42 0.36 0.30 -
N50 GeV

jets

0.33 0.33 0.30 -

H
T

0.43 0.39 0.34 -

pj1
T

0.84 0.82 0.79 -
|yj1 | 0.64 0.58 0.51 -

pj2
T

0.34 0.29 0.23 -
|��jj | 0.21 0.28 0.24 -
|�yjj | 0.64 0.58 0.49 -

|����,jj | 0.45 0.46 0.42 -

Table 5. Probabilities from �2 tests for the agreement between the di↵erential cross section
measurements and the theoretical predictions. Each prediction is normalised to the LHC-XS cross
section before selection.
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Invisible Higgs search

• No significant excess is observed over the SM expectation 

• CMS Combination of VBF, Z(ll)H and Z(bb)H searches: BR(H→inv)<0.58(0.44 exp.) @95% CL. 

• ATLAS Z(ll)H searches: BR(H→inv)<0.37(0.39 exp.) @95% CL 

• Strongest available limits for low-mass DM candidates. No sensitivity to those model once the 
mass of DM candidate exceeds mH/2

31

Invisible Higgs search combination 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

86 

!  Combination of VBF, Z(��)H, and Z(bb̅)H searches: 
BR(H�inv) < 0.58 (0.44 exp.) at 95% CL. 

!  Competitive limits for low mass DM in “Higgs portal” models. 

[arXiv:1404.1344, submitted to EPJC] 
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didate is considered and is either a scalar, a vector or a
Majorana fermion. The Higgs–nucleon coupling is taken
as 0.33+0.30

�0.07 [62], the uncertainty of which is expressed
by the bands in the figure. Spin-independent results
from direct-search experiments are also shown [63–70].
These results do not depend on the assumptions of the
Higgs-portal scenario. Within the constraints of such
a scenario however, the results presented in this Letter
provide the strongest available limits for low-mass DM
candidates. There is no sensitivity to these models once
the mass of the DM candidate exceeds mH/2. A search
by the ATLAS experiment for DM in more generic mod-
els, also using the dilepton + large Emiss

T final state, is
presented in Ref. [71].
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Summary
• Since the discovery of Higgs boson, the property has been widely 

studied at ATLAS and CMS. 

• So far, all the properties are consistent with SM prediction. 

• Look forward to new results @ RUN2.
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No change in systematics Exp. syst. ~ 1/√lumi. 
Theo. syst. / 2 

 

Looking ahead 
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!  300 fb-1 at 14 TeV: 
! Vast improvement over 

present datasets. 
! Room for theory 

improvements. 

!  For (HL-LHC) 3000 fb-1: 
! H�μμ at > 5σ. 
! Can we get to the Higgs 

self-coupling? 

[arXiv:1307.7135] [CMS-PAS-HIG-13-007] 
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