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Higgs particle
❖ The Higgs particle was the missing corner stone of 

the SM and is responsible for the masses of 
elementary particles.


❖ Born on 4th of July 2012: 

• Higgs-like boson at ~125GeV


• 5.9σ @ATLAS, 5σ @CMS (PLB, 716, 2012)


❖ October 2013: Nobel prize to Englert and Higgs


❖ A new era of particle physics — measure the  
properties of the new particle:
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Introduction
• Higgs boson was the last undiscovered particle in the 
Standard Model of particle physics. 

• Couplings to the scalar (JP=0+) Higgs field determine the 
particle masses.
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LHC and ATLAS
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LHC and ATLAS
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The LHC Run 1 

0.05'RS1''

at'7'TeV'

~ 5 fb-1  

at 7 TeV 

~ 20 fb-1  

at 8 TeV 

Challenges with high luminosity
95%(90%) of recorded (delivered) luminosity 

was good for physics analysis



Higgs production at the LHC
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Higgs production at the LHC
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• ~500K Higgs bosons produced in the ATLAS detector
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Higgs production at the LHC
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Only one in ~1010 events will 
be a Higgs boson at the LHC = 8 TeVsLHC at 
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• ~500K Higgs bosons produced in the ATLAS detector


• only one in ~1010 events will be a Higgs boson.
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Only one in ~1010 events will 
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Higgs decays
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γ γ
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W t

Standard#Higgs#Decay#Modes#

- Dominant: bb  (57%) 

- ττ channel  (6.3%) 

- γγ channel  (0.2%) 

- WW channel  (22%) 

- ZZ channel  (3%) 

- µµ channel  (0.02%) 

- cc channel  (3%) 

Extremely difficult 

- Zγ channel  (0.2%) 
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Main discovery channels with 
excellent mass resolution 

450 H→γγ 
σ(mH) ~ 1-2% 

S/B ~ 3%

20 H→ZZ*(4l) 
σ(mH) ~ 1-2% 

S/B ~ 1.6

500 H→WW*(2l2ν) 
σ(mT,H) ~ 20% 

S/B ~ 15%

57%
22%

6.3%
3%

0.2%

0.02% approximate event yield after selection



Higgs decays
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H→γγ 
exp. yield ~ 450 
σ(mH) ~ 1-2% 

S/B ~ 3%

H→ZZ*(4l) 
exp. yield ~ 20 
σ(mH) ~ 1-2% 

S/B ~ 1.6

H→WW*(2l2ν) 
exp. yield ~ 500 
σ(mT,H) ~ 20% 

S/B ~ 15%

H→ττ 
exp. yield ~ 300 
σ(mH) ~ 10-20% 

S/B ~ 1-30%

H→bb 
exp. yield ~ 400 
σ(mH) ~ 10-20% 

S/B ~ 1-10%

Higgs field serves as the source of  mass generation 
in the fermion sector through the Yukawa interaction.



Panorama of Higgs analysis
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❖ Experimental Strategy:

✦ Investigate a large number of final states with dedicated event categories to 
separate different production modes (and to increase overall significance)

✦ Probe different kinds of the Higgs properties.



Higgs property measurement

❖ Higgs Mass Measurement


❖ Coupling measurement


❖ Higgs invisible search


❖ Off-Shell behaviour


❖ Higgs Boson quantum numbers


❖ Fiducial and Differential cross section measurements

10



Higgs Mass Measurement

✦ The free and fundamental parameter 
of the SM Higgs sector


✦ Linked to Higgs properties, including 
the potential self-coupling.

117

Higgs Boson Mass Measurement

Fundamental property of any particle!
!
The free parameter of the SM Higgs sector!
!
Linked to Higgs potential and Higgs-self-coupling
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H➞γγ

events are needed to constrain the slope of the exponential
background model, the categories with low expected yields
are assumed to have the same shape parameters for the
7-TeV and the 8-TeV data. The VH Emiss

T , one-lepton, and
dilepton categories are defined to have low yield since the
probabilities to observe two events in the 7 TeV data are
less than 1% based on the numbers of events observed in
the corresponding 8-TeV data categories.
To test the signal strengths of individual production

processes or groups of them, the hypothesized number of
signal events and invariant mass distribution are decom-
posed into individual contributions,

μNS;c →
X

p

μpNp;c; ð6Þ

where μp is the hypothesized signal strength for production
process p ∈ fggF;VBF; ZH;WH; tt̄H; bb̄H; tHg andNp;c
is the number of signal events predicted by the SM in
category c for production process p [the nuisance param-
eters are not shown in Eq. (6), but they follow the
decomposition]. In several of the results in the next section
some of the signal strengths are required to have the same
value, such as for the measurement of the combined signal
strength where all seven are set equal. For the measure-
ments of individual signal strengths and signal strength
ratios, μbb̄H and μtH are held constant at 1, thus treating
them effectively as backgrounds.
The total uncertainty þδμþ

−δμ− at the 68% confidence level
(C.L.) of a measured signal strength μX with best-fit value μ̂X
is estimated by finding the points where Λðμ̂X þ δμþÞ ¼
Λðμ̂X − δμ−Þ ¼ 1. The statistical component of the total
uncertainty is estimated by fixing all the 146 constrained
nuisance parameters associated with systematic uncertainties
summarized in Table XIII to their maximum likelihood
values and finding the new points where ΛstatðμXÞ ¼ 1.
The total systematic uncertainty is given by the quadratic
difference between the total and statistical uncertainties. The
separate contributions of the total experimental and total
theoretical uncertainties are estimated by finding the points
where Λstat⊕exptðμXÞ ¼ 1 and Λstat⊕theoryðμXÞ ¼ 1, respec-
tively, when fixing the 123 (23) constrained nuisance
parameters associated with experimental (theoretical) uncer-
tainty to their maximum likelihood values, and subtracting
the resulting uncertainties in quadrature from the total
uncertainty. For cases where the confidence intervals are
approximately symmetric around the best fit value of μX, the
positive and negative uncertainty contributions are reported
as a single value %δμ.

X. RESULTS

The observed diphoton invariant mass distribution for
the sum of the 7-TeV and 8-TeV data is shown in Figs. 13
and 14 for the sums of categories most sensitive to different
production modes. In all cases, for illustration purposes,

each event is weighted according to the expected signal-to-
background ratio S90=B90 for the relevant category and
center-of-mass energy. The results of signal plus back-
ground fits to these spectra with mH set to 125.4 GeV are
shown together with the separate signal and background
components. Both the signal plus background and back-
ground-only curves reported here are obtained from the
sum of the individual curves in each category weighted in
the same way as the data points.
The signal strengths are measured with the extended

likelihood analysis described in Sec. IX. The profile of the
negative log-likelihood ratio λðμÞ [Eq. (5)] of the combined
signal strength μ for mH ¼ 125.4 GeV is shown in Fig. 15.
The local significance Z of the observed combined excess
of events, given by

ffiffiffiffiffiffiffiffiffi
λð0Þ

p
, is 5.2σ (4.6σ expected). The

best-fit value of μ, determined by the minimum of λðμÞ, is
found to be

μ ¼ 1.17% 0.23ðstatÞþ0.10
−0.08ðsystÞþ0.12

−0.08ðtheoryÞ
¼ 1.17% 0.27;

 [GeV]m
110 120 130 140 150 160

da
ta

 - 
fit

te
d 

bk
g

-5

0

5

10

 w
ei

gh
ts

 / 
G

eV

0

20

40

60

80

100

120

140

160

180

Data

Signal+background

Background

Signal

 = 7 TeVs, -1dt = 4.5 fb  L

 = 8 TeVs, -1dt = 20.3 fb  L

S/B weighted sum

Signal strength categories

 = 125.4 GeVHm

ATLAS

FIG. 13 (color online). Diphoton invariant mass mγγ spectrum
observed in the sum of the 7-TeV and 8-TeV data. Each event is
weighted by the signal-to-background ratio in the dataset and
category it belongs to. The errors bars represent 68% confidence
intervals of the weighted sums. The solid red curve shows the fitted
signal plus background model when the Higgs boson mass is fixed
at 125.4 GeV. The background component of the fit is shown with
the dotted blue curve. The signal component of the fit is shown with
the solid black curve. Both the signal plus background and
background-only curves reported here are obtained from the
sum of the individual curves in each category weighted by their
signal-to-background ratio. The bottom plot shows the data relative
to the background component of the fitted model.

G. AAD et al. PHYSICAL REVIEW D 90, 112015 (2014)

112015-24

Bruno Lenzi (CERN) Higgs properties from boson in bosonic decay channels in ATLAS - LHCP 02/06/2014

H → γγ

• Loop decay (W and top), low BR ~ 0.2%


• Simple topology


• Two isolated energetic photons


• ...requiring excellent  
performance


• Large backgrounds


• Excellent γ ID: 
75% γγ after cuts


• Signal: narrow peak  
(good mass resolution)


• S/B ~ 3%

3

z

γ π0

σ X BR ~ 50 fb @ 125.5 GeV
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H➞ZZ*➞4l

Jelena Jovicevic - eQCD 2014, Slovakia 8 - 14 March, 2015

• Signal: 4 isolated leptons from the PV;

• Backgrounds: 

• irreducible ZZ*;

•  reducible Z+jets, tt.
• Analysis uses multivariate (MV) discriminant against ZZ*;

• Exploits full lepton kinematics, matrix element based discriminant;

• Categorised analysis (exclusive) to measure signal strength and couplings;

12

H➞ZZ*➞4l

Golden channel 
• Small rate;
• Cleanest final state;
• S/B ~ 2;
• fully reconstructed mass;

Phys. Rev. D 91, 012006 (2015)

Ideal to study:
• mass  
• spin  
• CP  
• couplings 
• width.

BR (ZZ)=2.3%

-
Jelena Jovicevic - eQCD 2014, Slovakia 8 - 14 March, 2015

• Signal - narrow peak in m4l;

• Fit m4l and MV discriminant output;

• Dominated stats. uncertainties!
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H➞ZZ*➞4l - Results
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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

2.0σ

1.6σ1.6σ

2.1σ

±0.2%

±1
5%

✦ Statistics dominated measurement. 

✦ Systematic uncertainties dominated by energy/momentum calibration of 
photons (H→γγ) and electrons/muons(H→ZZ*(4l)) 

✦ Compatibility of the four measurement masses O(10%) 

✦ Individual measurement compatible with ~2σ

First ATLAS and CMS Combination:  mH=125.09±0.21(stat.)± 0.11(sys.)GeV
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Higgs Boson Couplings
✦ Predicted for all SM particles for a given Higgs mass. 

✦ Determine Higgs boson phenomenology & experimental signatures. 

✦ Sensitive to BSM phenomena coupling to Higgs sector. 

❖ A straightforward consistency/deviation strategy is based on signal 
strength measurements in different production and decay modes:  

✦ The signal strength (µ) is defined as the ratio between the measured Higgs yield 
and the SM prediction. 

15

µ = Nmeasured

N SM = σ × BR
(σ × BR)SM



H→γγ and H→ZZ*(4l)
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WH
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2e2μ, 2μ2e, 4e. The rate of two quadruplets in one event is
below the per mille level.
Events with a selected quadruplet are required to have

their leptons a distance ΔR > 0.1 from each other if they
are of the same flavor and ΔR > 0.2 otherwise. For 4μ and
4e events, if an opposite-charge same-flavor dilepton pair is
found with mll below 5 GeV the event is removed.
The Z þ jets and tt̄ background contributions are further

reduced by applying impact parameter requirements as well
as track- and calorimeter-based isolation requirements to
the leptons. The transverse impact parameter significance,
defined as the impact parameter in the transverse plane
divided by its uncertainty, jd0j=σd0 , for all muons (elec-
trons) is required to be lower than 3.5 (6.5). The normalized
track isolation discriminant, defined as the sum of the
transverse momenta of tracks, inside a cone of size ΔR ¼
0.2 around the lepton, excluding the lepton track, divided
by the lepton pT, is required to be smaller than 0.15.
The relative calorimetric isolation for electrons in the

2012 data set is computed as the sumof the cluster transverse
energies ET, in the electromagnetic and hadronic calorim-
eters, with a reconstructed barycenter inside a cone of size
ΔR ¼ 0.2 around the candidate electron cluster, divided by
the electron ET. The electron relative calorimetric isolation
is required to be smaller than 0.2. The cells within 0.125 ×
0.175 in η × ϕ around the electron barycenter are excluded.
The pileup and underlying event contribution to the calo-
rimeter isolation is subtracted event by event [91]. The
calorimetric isolation of electrons in the 2011 data set is cell
based (electromagnetic and hadronic calorimeters) rather
than cluster based, and the calorimeter isolation relative to
the electron ET requirement is 0.3 instead of 0.2. In the case
of muons, the relative calorimetric isolation discriminant is
defined as the sum,ΣET, of the calorimeter cells above 3.4σ,
where σ is the quadrature sum of the expected electronic and
pileup noise, inside a cone of size ΔR < 0.2 around the
muon direction, divided by the muon pT. Muons are
required to have a relative calorimetric isolation less than
0.3 (0.15 in the case of stand-alone muons). For both the
track- and calorimeter-based isolations any contributions
arising from other leptons of the quadruplet are subtracted.
As discussed in Sec. IV C, a search is performed for FSR

photons arising from any of the lepton candidates in the
final quadruplet, and at most one FSR photon candidate is
added to the 4l system. The FSR correction is applied only
to the leading dilepton, and priority is given to collinear
photons. The correction is applied if 66 < mμμ < 89 GeV
and mμμγ < 100 GeV. If the collinear-photon search fails
then the noncollinear FSR photon with the highest ET is
added, provided it satisfies the following requirements:
mll < 81 GeV and mllγ < 100 GeV. The expected frac-
tion of collinear (noncollinear) corrected events is 4% (1%).
For the 7 TeV data, the combined signal reconstruction

and selection efficiency for mH ¼ 125 GeV is 39% for the
4μ channel, 25% for the 2e2μ=2μ2e channels and 17% for

the 4e channel. The improvements in the electron
reconstruction and identification for the 8 TeV data lead
to increases in these efficiencies by 10%–15% for the
channels with electrons, bringing their efficiencies to 27%
for the 2e2μ=2μ2e channels and 20% for the 4e channel.
After the FSR correction, the lepton four-momenta of the

leading dilepton are recomputed by means of a Z-mass-
constrained kinematic fit. The fit uses a Breit-Wigner Z line
shape and a single Gaussian to model the lepton momen-
tum response function with the Gaussian σ set to the
expected resolution for each lepton. The Z-mass constraint
improves the m4l resolution by about 15%. More complex
momentum response functions were compared to the single
Gaussian and found to have only minimal improvement for
the m4l resolution.
Events satisfying the above criteria are considered

candidate signal events for the inclusive analysis, defining
a signal region independent of the value of m4l.

B. Event categorization

To measure the rates for the ggF, VBF, and VH
production mechanisms, discussed in Sec. III, each H →
4l candidate selected by the criteria described above is
assigned to one of four categories (VBF enriched, VH-
hadronic enriched, VH-leptonic enriched, or ggF enriched),
depending on other event characteristics. A schematic view
of the event categorization is shown in Fig. 2.

ATLAS

l 4→ ZZ* →H 
 selectionl4

High mass two jets

VBF
VBF enriched

Low mass two jets

 jj)H→ jj)H, Z(→W(

Additional lepton

)Hll →)H, Z(νl →W(

VH enriched

ggF ggF enriched

FIG. 2 (color online). Schematic view of the event categoriza-
tion. Events are required to pass the four-lepton selection, and
then they are assigned to one of four categories which are tested
sequentially: VBF enriched, VH-hadronic enriched, VH-leptonic
enriched, or ggF enriched.
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ttH production.
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FIG. 17. Event displays of H !WW ⇤ ! e⌫µ⌫ candidates in the nj =0 (top) and nj � 2 VBF-enriched (bottom) categories.
The neutrinos are represented by missing transverse momentum (met, dotted line) that points away from the eµ system.
The properties of the first event are pet=33GeV, pµt=24GeV, m`` =48GeV, ��`` =1.7, pmiss

t =37GeV, and mt=98GeV.
The properties of the second event are pet=51GeV, pµt=15GeV, m`` =21GeV, ��`` =0.1, p j1

t =67GeV, p j2
t =41GeV,

mjj =1.4TeV, �yjj =6.6, pmiss
t =59GeV, and mt=127GeV. Both events have a small value of ��``, which is character-

istic of the signal. The second event shows two well-separated jets that are characteristic of VBF production.
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Jelena Jovicevic - eQCD 2014, Slovakia 8 - 14 March, 2015

H➞WW*➞lνlν - Result

Fit binned mT spectra in ggF categories & 
MV discriminant in the VBF categories
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FIG. 2. Analysis divisions in categories based on jet multi-
plicity (nj) and lepton-flavor samples (eµ and ee/µµ). The
most sensitive signal region for ggF production is nj =0 in eµ,
while for VBF production it is nj � 2 in eµ. These two sam-
ples are underlined. The eµ samples with nj  1 are further
subdivided as described in the text.

sensitive signal region is in the eµ zero-jet final state.
The dominant background to this category is WW pro-
duction, which is e↵ectively suppressed by exploiting the
properties of W boson decays and the spin-0 nature of
the Higgs boson (Fig. 3). This property generally leads
to a lepton pair with a small opening angle [17] and a cor-
respondingly low invariant mass m``, broadly distributed
in the range below mH/2. The dilepton invariant mass is
used to select signal events, and the signal likelihood fit
is performed in two ranges of m`` in eµ final states with
nj  1.

Other background components are distinguished by
p `2
t , the magnitude of the transverse momentum of the

lower-pt lepton in the event (the “subleading” lepton). In
the signal process, one of the W bosons from the Higgs
boson decay is o↵ shell, resulting in relatively low sub-
leading lepton pt (peaking near 22 GeV, half the dif-
ference between the Higgs and W boson masses). In the
background from W bosons produced in association with
a jet or photon (misreconstructed as a lepton) or an o↵-
shell photon producing a low-mass lepton pair (where
one lepton is not reconstructed), the p `2

t distribution falls
rapidly with increasing pt. The eµ sample is therefore
subdivided into three regions of subleading lepton mo-
mentum for nj  1. The jet and photon misidentification
rates di↵er for electrons and muons, so this sample is
further split by subleading lepton flavor.

Because of the neutrinos produced in the signal pro-
cess, it is not possible to fully reconstruct the invariant
mass of the final state. However, a “transverse mass”

W+ H W�

⌫

`+ `�

⌫̄

FIG. 3. Illustration of the H !WW decay. The small
arrows indicate the particles’ directions of motion and the
large double arrows indicate their spin projections. The spin-0
Higgs boson decays to W bosons with opposite spins, and the
spin-1 W bosons decay into leptons with aligned spins. The
H and W boson decays are shown in the decaying particle’s
rest frame. Because of the V �A decay of the W bosons, the
charged leptons have a small opening angle in the laboratory
frame. This feature is also present when one W boson is o↵
shell.

mt [18] can be calculated without the unknown longitu-
dinal neutrino momenta:

mt =
q�

E ``
t + p ⌫⌫

t

�
2 � ��p ``

t + p ⌫⌫
t

��2, (1)

where E ``
t =

p
(p ``

t )2 + (m``)2, p ⌫⌫
t (p ``

t ) is the vector
sum of the neutrino (lepton) transverse momenta, and
p ⌫⌫
t (p ``

t ) is its modulus. The distribution has a kine-
matic upper bound at the Higgs boson mass, e↵ectively
separating Higgs boson production from the dominant
nonresonant WW and top-quark backgrounds. For the
VBF analysis, the transverse mass is one of the inputs to
the BDT distribution used to fit for the signal yield. In
the ggF and cross-check VBF analyses, the signal yield
is obtained from a direct fit to the mt distribution for
each category.
Most of the backgrounds are modeled using Monte

Carlo samples normalized to data, and include theoreti-
cal uncertainties on the extrapolation from the normal-
ization region to the signal region, and on the shape of the
distribution used in the likelihood fit. For the W+jet(s)
and multijet backgrounds, the high rates and the un-
certainties in modeling misidentified leptons motivate a
model of the kinematic distributions based on data. For
a few minor backgrounds, the process cross sections are
taken from theoretical calculations. Details of the back-
ground modeling strategy are given in Sec. VI.
The analyses of the 7 and 8TeV data sets are sepa-

rate, but use common methods where possible; di↵er-
ences arise primarily because of the lower instantaneous
and integrated luminosities in the 7TeV data set. As
an example, the categorization of 7TeV data does not
include a ggF-enriched category for events with at least
two jets, since the expected significance of such a cate-
gory is very low. Other di↵erences are described in the
text or in dedicated subsections.



H→WW*(2l2ν)
✦ obs.(exp.) significance: 6.1σ(5.8σ) 

✦ Evidence for VBF with obs.(exp.) significance of  

3.2σ(2.7σ): Crucial to measure VH couplings in tree 
level processes 


✦ Systematic (in particular theoretical uncertainty ) 
play a very important role

• N-jet categorization and VBF total cross section

18

arxiv:1412.2641

60

µ = 1.09 +0.16
�0.15 (stat.)

+0.08
�0.07

⇣
expt.
syst.

⌘
+0.15
�0.12

⇣
theo.
syst.

⌘
± 0.03

⇣
lumi.
syst.

⌘

= 1.09 +0.16
�0.15 (stat.)

+0.17
�0.14 (syst.)

= 1.09 +0.23
�0.21.

(15)

The uncertainties are divided according to their source.
The statistical uncertainty accounts for the number of
observed events in the signal regions and profiled con-
trol regions. The statistical uncertainties from Monte
Carlo simulated samples, from nonprofiled control re-
gions, and from the extrapolation factors used in the
W+jets background estimate are all included in the ex-
perimental uncertainties here and for all results in this
section. The theoretical uncertainty includes uncertain-
ties on the signal acceptance and cross section as well
as theoretical uncertainties on the background extrapo-
lation factors and normalizations. The expected value of
µ is 1+0.16

�0.15 (stat.)
+0.17
�0.13 (syst.).

In order to check the compatibility with the SM predic-
tions of the ggF and VBF production processes, µ

ggf and
µvbf can be simultaneously determined through a fit to
all categories because of the di↵erent sensitivity to these
processes in the various categories. In this fit, the VH
contribution is included although there is no dedicated
category for it, and the SM value for the ratio �vbf/�vh

is assumed. Technically, the signal strength µvbf+vh is
measured, but because the contribution from VH is neg-
ligible, the notation µvbf is used. The corresponding two-
dimensional likelihood contours as a function of µ

ggf and
µvbf are shown in Fig. 40. Using the same treatment, the
separate signal strengths can be measured. The results
are:

µ
ggf = 1.02 ± 0.19 +0.22

�0.18 = 1.02 +0.29
�0.26

µvbf = 1.27 +0.44
�0.40

+0.30
�0.21 = 1.27 +0.53

�0.45.

(stat.) (syst.)

(16)

The details of the uncertainties on µ, µ
ggf, and µvbf

are shown in Table XXVI. The statistical uncertainty
is the largest single source of uncertainty on the signal
strength results, although theoretical uncertainties also
play a substantial role, especially for µ

ggf.
The signal strength results are shown in Table XXVII

formH =125.36GeV. The table includes inclusive results
as well as results for individual categories and produc-
tion modes. The expected and observed significance for
each category and production mode is also shown. The
µ values are consistent with each other and with unity
within the assigned uncertainties. In addition to serving
as a consistency check, these results illustrate the sensi-
tivity of the di↵erent categories. For the overall signal
strength, the contribution from the nj � 2 VBF category
is second only to the nj =0 ggF category, and the nj � 2
ggF category contribution is comparable to those in the
nj =0 and nj =1 ee/µµ categories.

For all of these results, the signal acceptance for all pro-
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FIG. 40. Likelihood scan as a function of µggf and µvbf. The
best-fit observed (expected SM) value is represented by the
cross symbol (open circle) and its one, two, and three standard
deviation contours are shown by solid lines surrounding the
filled areas (dotted lines). The x- and y-axis scales are the
same to visually highlight the relative sensitivity.

duction modes is evaluated assuming a SM Higgs boson.
The VH production process contributes a small number
of events, amounting to about 1% of the expected signal
from the VBF process. It is included in the predicted sig-
nal yield, and where relevant, is grouped with the VBF
signal assuming the SM value of the ratio �vbf/�vh. The
small (< 1%) contribution ofH! ⌧⌧ to the signal regions
is treated as signal, assuming the branching fractions as
predicted by the SM.

D. Higgs couplings to fermions and vector bosons

The values of µ
ggf and µvbf can be used to test the

compatibility of the fermionic and bosonic couplings of
the Higgs boson with the SM prediction using a frame-
work motivated by the leading-order interactions [62].
The parametrization uses the scale factors F , applied
to all fermionic couplings, and V , applied to all bosonic
couplings; these parameters are unity for the SM.
In particular, the ggF production cross section is pro-

portional to 2

F through the top-quark or bottom-quark
loops at the production vertex, and the VBF produc-
tion cross section is proportional to 2

V . The branching
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TABLE XXVI. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the first
line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal yield
to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the W+jets background
estimation. The “Z/�⇤ ! ee, µµ” entry corresponds to uncertainties on the frecoil selection e�ciency for the nj  1 ee/µµ
category. The “muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections,
lepton trigger e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties include the jet energy scale, jet energy
resolution, and the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The plot for VBF (third column) has a
di↵erent scale than the the other columns to show the relative uncertainties per column. The entries marked with a dash are
smaller than 0.01 or do not apply.
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fraction BH !WW⇤ is proportional to 2

V and inversely
proportional to a linear combination of 2

F and 2

V . This
model assumes that there are no non-SM decay modes,
so the denominator corresponds to the total decay width
in terms of the fermionic and bosonic decay amplitudes.
The formulae, following Ref. [62], are

µ
ggf / 2

F · 2

V

(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2

V

µvbf / 4

V

(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2

V

.

(17)

The small contribution from BH ! �� depends on both F

and V and is not explicitly shown. Because (BH ! f ¯f +
BH ! gg)⇡ 0.75, 2

F is the dominant component of the de-

nominator for 2

F
<⇠ 32

V . As a result, the 2

F dependence
for the ggF process approximately cancels, but the rate
remains sensitive to V . Similarly, the VBF rate scales
approximately with 4

V /
2

F and the VBF channel pro-
vides more sensitivity to F than the ggF channel does
in this model. Because Eq. (17) contains only 2

F and 2

V ,
this channel is not sensitive to the sign of F or V .

The likelihood scan as a function of V and F is shown
in Fig. 41. Both the observed and expected contours are
shown, and are in good agreement. The relatively low
discrimination among high values of F in the plot is due
to the functional behavior of the total ggF yield. The
product �

ggf · B does not depend on F in the limit where
F � V , so the sensitivity at high F values is driven
by the value of µvbf. The VBF process rapidly vanishes
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TABLE XXVI. Summary of uncertainties on the signal strength µ. The table gives the relative uncertainties for inclusive Higgs
production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the first
line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal yield
to the µvbf measurement and vice versa. The “misid. factor” is the systematic uncertainty related to the W+jets background
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category. The “muons and electrons” entry includes uncertainties on the lepton energy scale, lepton momentum corrections,
lepton trigger e�ciencies, and lepton isolation e�ciencies. The “jets” uncertainties include the jet energy scale, jet energy
resolution, and the b-tagging e�ciency. Values are quoted assuming mH =125.36GeV. The plot for VBF (third column) has a
di↵erent scale than the the other columns to show the relative uncertainties per column. The entries marked with a dash are
smaller than 0.01 or do not apply.
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fraction BH !WW⇤ is proportional to 2

V and inversely
proportional to a linear combination of 2

F and 2

V . This
model assumes that there are no non-SM decay modes,
so the denominator corresponds to the total decay width
in terms of the fermionic and bosonic decay amplitudes.
The formulae, following Ref. [62], are

µ
ggf / 2

F · 2

V

(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2

V

µvbf / 4
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(BH ! f ¯f + BH ! gg)2

F + (BH !V V )2
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(17)

The small contribution from BH ! �� depends on both F

and V and is not explicitly shown. Because (BH ! f ¯f +
BH ! gg)⇡ 0.75, 2

F is the dominant component of the de-

nominator for 2

F
<⇠ 32

V . As a result, the 2

F dependence
for the ggF process approximately cancels, but the rate
remains sensitive to V . Similarly, the VBF rate scales
approximately with 4

V /
2

F and the VBF channel pro-
vides more sensitivity to F than the ggF channel does
in this model. Because Eq. (17) contains only 2

F and 2

V ,
this channel is not sensitive to the sign of F or V .

The likelihood scan as a function of V and F is shown
in Fig. 41. Both the observed and expected contours are
shown, and are in good agreement. The relatively low
discrimination among high values of F in the plot is due
to the functional behavior of the total ggF yield. The
product �

ggf · B does not depend on F in the limit where
F � V , so the sensitivity at high F values is driven
by the value of µvbf. The VBF process rapidly vanishes
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production (left), ggF production (middle), and VBF production (right). For each group separated by a horizontal line, the first
line gives the combined result. The “profiled signal region” indicates the contribution of the uncertainty on the ggF signal yield
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smaller than 0.01 or do not apply.
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fraction BH !WW⇤ is proportional to 2

V and inversely
proportional to a linear combination of 2

F and 2

V . This
model assumes that there are no non-SM decay modes,
so the denominator corresponds to the total decay width
in terms of the fermionic and bosonic decay amplitudes.
The formulae, following Ref. [62], are
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The small contribution from BH ! �� depends on both F

and V and is not explicitly shown. Because (BH ! f ¯f +
BH ! gg)⇡ 0.75, 2

F is the dominant component of the de-

nominator for 2

F
<⇠ 32

V . As a result, the 2

F dependence
for the ggF process approximately cancels, but the rate
remains sensitive to V . Similarly, the VBF rate scales
approximately with 4

V /
2

F and the VBF channel pro-
vides more sensitivity to F than the ggF channel does
in this model. Because Eq. (17) contains only 2

F and 2

V ,
this channel is not sensitive to the sign of F or V .

The likelihood scan as a function of V and F is shown
in Fig. 41. Both the observed and expected contours are
shown, and are in good agreement. The relatively low
discrimination among high values of F in the plot is due
to the functional behavior of the total ggF yield. The
product �

ggf · B does not depend on F in the limit where
F � V , so the sensitivity at high F values is driven
by the value of µvbf. The VBF process rapidly vanishes
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fraction BH !WW⇤ is proportional to 2

V and inversely
proportional to a linear combination of 2

F and 2

V . This
model assumes that there are no non-SM decay modes,
so the denominator corresponds to the total decay width
in terms of the fermionic and bosonic decay amplitudes.
The formulae, following Ref. [62], are
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F · 2
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The small contribution from BH ! �� depends on both F

and V and is not explicitly shown. Because (BH ! f ¯f +
BH ! gg)⇡ 0.75, 2

F is the dominant component of the de-

nominator for 2

F
<⇠ 32

V . As a result, the 2

F dependence
for the ggF process approximately cancels, but the rate
remains sensitive to V . Similarly, the VBF rate scales
approximately with 4

V /
2

F and the VBF channel pro-
vides more sensitivity to F than the ggF channel does
in this model. Because Eq. (17) contains only 2

F and 2

V ,
this channel is not sensitive to the sign of F or V .

The likelihood scan as a function of V and F is shown
in Fig. 41. Both the observed and expected contours are
shown, and are in good agreement. The relatively low
discrimination among high values of F in the plot is due
to the functional behavior of the total ggF yield. The
product �

ggf · B does not depend on F in the limit where
F � V , so the sensitivity at high F values is driven
by the value of µvbf. The VBF process rapidly vanishes

µ = 1.09−0.21
+0.23 = 1.09−0.15

+0.16 (stat.)−0.14
+0.17 (syst.)

µggF = 1.02−0.26
+0.29 = 1.02 ± 0.19(stat.)−0.18

+0.22 (syst.)

µVBF = 1.27−0.45
+0.53 = 1.27−0.40

+0.44 (stat.)−0.21
+0.30 (syst.)



H→ττ

❖ H→ττ: include all τ decays

✦ obs.(exp.) significance: 4.5σ(3.4σ)

✦ Evidence for Higgs-Yukawa coupling as predicted in the SM.
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• Studied all τ decays, tot. BR = 6.2%.  
τlτl - cleanest signature, lowest BR, l = e, μ, τ;  
τhτl - good BR, some fake contamination; 
τhτh - highest BR, τ fake contamination, hard reco.

• Backgrounds  
Z ➔ ττ (main) and V + jets, diboson, top, QCD.

• MV analysis targeting VBF and boosted ggF H;
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Figure 1: Summary of the signal-strength measurements, as published, from individual analyses that are inputs to
the combinations. The Higgs boson mass column indicates the mH value at which the result is quoted. The overall
signal strength of each analysis (black) is the combined result of the measurements for di↵erent production pro-
cesses (blue). The error bars represent ±1� total uncertainties, combining statistical and systematic contributions.
The green shaded bands indicate the uncertainty of the overall signal strength of its respective analysis. The com-
bined signal strength of the H ! �� analysis also includes the ttH contribution which is listed separately under the
ttH production.
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cesses (blue). The error bars represent ±1� total uncertainties, combining statistical and systematic contributions.
The green shaded bands indicate the uncertainty of the overall signal strength of its respective analysis. The com-
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ttH production.
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H→bb

❖ H→bb: due to overwhelming multi-jet backgrounds, need additional signature 
from exclusive production modes.

✦ Signal: (W/Z)H with H→bb and V leptonic decay.

✦ obs.(exp.) significance: 1.4σ(2.6σ)

20
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(VH) H➞ bb

• Signal: 2 b-jets + Z(ee/μμ/νν) + W(eν/μν);
• Backgrounds: V+jets top, diboson, QCD;

• MV analysis using kinematic and b-tagging info;

• Look for an excess in mbb.
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Figure 1: Summary of the signal-strength measurements, as published, from individual analyses that are inputs to
the combinations. The Higgs boson mass column indicates the mH value at which the result is quoted. The overall
signal strength of each analysis (black) is the combined result of the measurements for di↵erent production pro-
cesses (blue). The error bars represent ±1� total uncertainties, combining statistical and systematic contributions.
The green shaded bands indicate the uncertainty of the overall signal strength of its respective analysis. The com-
bined signal strength of the H ! �� analysis also includes the ttH contribution which is listed separately under the
ttH production.
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the combinations. The Higgs boson mass column indicates the mH value at which the result is quoted. The overall
signal strength of each analysis (black) is the combined result of the measurements for di↵erent production pro-
cesses (blue). The error bars represent ±1� total uncertainties, combining statistical and systematic contributions.
The green shaded bands indicate the uncertainty of the overall signal strength of its respective analysis. The com-
bined signal strength of the H ! �� analysis also includes the ttH contribution which is listed separately under the
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Searches for Rare Higgs Boson Production & Decays

❖ Searches for rare production modes

• ttH (direct access to top-Higgs Yukawa coupling) 

❖ Searches for rare SM decays

• H→µµ (probe 2nd generation lepton coupling) 

• H→Zγ (probe loop decay)
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E.Shabalina - Search for Higgs in association with top - ICHEP 2014 03/07/2014

           candidate event

8

tt̄H(��)

ttH(H→γγ)



ttH Searches

The results are compatible with the SM expectation and dominated by 
statistical uncertainties. 23

25

95% CL upper limit Observed �2� �1� Median +1� +2� Median (µ = 1)
Single lepton 3.6 1.4 1.9 2.6 3.7 4.9 3.6
Dilepton 6.7 2.2 3.0 4.1 5.8 7.7 4.7
Combination 3.4 1.2 1.6 2.2 3.0 4.1 3.1

Table 5 Observed and expected (median, for the background-only hypothesis) 95% CL upper limits on �(tt̄H) relative to
the SM prediction, for the individual channels as well as their combination, assuming mH = 125 GeV. The 68% and 95%
confidence intervals around the expected limits under the background-only hypothesis are also provided, denoted by ±1� and
±2�, respectively. The expected (median) 95% CL upper limits assuming the SM prediction for �(tt̄H) are shown in the last
column.
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(signal yield) and B (background yield) are taken from the
Hhad

T , HT, and NN output bin of each event. Events in all
fitted regions are included. The predicted background is ob-
tained from the global signal-plus-background fit. The tt̄H
signal is shown both for the best fit value (µ = 1.5) and for
the upper limit at 95% CL (µ = 3.4).

this e↵ect is caused by the interplay between the tt̄+cc̄
normalisation uncertainty and several other systematic
uncertainties a↵ecting the tt̄+ cc̄ background yield.

The noticeable e↵ect of the light-jet tagging (mistag)
systematic uncertainty is explained by the relatively
large fraction of the tt̄+light background in the sig-
nal region with four b-jets in the single-lepton channel.
The tt̄+light events enter the 4-b-tag region through a
mistag as opposed to the 3-b-tag region where tagging
a c-jet from a W boson decay is more likely. Since the
amount of data in the 4-b-tag regions is not large this
uncertainty cannot be constrained significantly.
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resolution, and is based on the resolution measured with Z → ee
events [80]. The total mγ γ resolution uncertainty is 12% for both 
the 7 TeV and 8 TeV dataset, which is less than 0.2 GeV.

The uncertainties due to the lepton reconstruction, identifica-
tion, isolation, and energy/momentum scale and resolution com-
bine to less than 1% for all channels. Uncertainties on the jet en-
ergy scale are taken into account, as well as uncertainties on the 
jet energy resolution, and on the modeling of the JVF and of the 
b-tagging efficiencies. All object uncertainties which change the 
energy or momentum of the corresponding objects are propagated 
to the Emiss

T calculation, and additional uncertainties are taken into 
account for energy deposits which only enter the Emiss

T calculation, 
but are not part of other objects.

Systematic uncertainties due to the choice of the continuum 
background fit model are estimated by fitting continuum back-
ground distributions in control regions with a Higgs boson plus 
continuum background model and quantifying the apparent num-
ber of Higgs boson events introduced [5]. The systematic uncer-
tainty is chosen to be the maximal apparent number of Higgs 
boson events in a narrow mass range around 125.4 GeV. Since the 
contributions from different background processes in the control 
region may be different from their contributions in the four cat-
egories, the estimate of this uncertainty is approximate, but its 
impact on the final results is very small. An uncertainty of 0.24 
(0.16) events is estimated in the 8 TeV hadronic (leptonic) cat-
egory as the apparent number of Higgs boson events under the 
Higgs boson peak. For the 7 TeV dataset, uncertainties of 0.12 and 
0.01 events are estimated, where all of these numbers have a non-
negligible statistical component from the limited number of events 
in the control regions considered. The number of events is lowest 
in the control region for the hadronic category in 7 TeV data (266 
events).

The theoretical uncertainties on the different Higgs boson pro-
duction cross sections due to uncertainties in the PDF, missing 
higher-order perturbative QCD corrections estimated by varying 
the renormalization and factorization scales, and the BR(H → γ γ )
are detailed in Refs. [26,56–58,62–64,82].

Additional uncertainties are included in “MC modeling” in Ta-
ble 3. These take into account changes in the acceptance when the 
renormalization and factorization scales are varied, an uncertainty 
on the modeling of the underlying event, which is conservatively 
estimated by comparing MC samples with and without multiple 
parton scattering, and an uncertainty due to the limited num-
ber of events present in the MC samples after the event selection 
and categorization are applied. Moreover, uncertainties of 100% are 
assigned to the expected numbers of events from ggF, VBF and 
W H production in association with additional b-jets. The size of 
these uncertainties is motivated by recent measurements of tt̄ and 
vector-boson production in association with b-jets [83,84].

7. Results

In total, 5 candidate events with mγ γ in the range 120–130 GeV 
are found in the leptonic and hadronic categories. The total ex-
pected yield of Higgs boson production is 1.3 events compared to 
a continuum background of 4.6+1.3

−0.9 events (see Table 2). The mγ γ

spectra for the candidate events are shown in Fig. 2 together with 
the fitted continuum background and the total contribution from 
H → γ γ processes, where the signal strength, µ, is a parameter 
common to all four categories. The best-fit signal strength for all 
H → γ γ processes together is 1.4+2.1

−1.4(stat.)+0.6
−0.3(syst.), where the 

quoted overall systematic uncertainty is derived by quadratically 
subtracting the statistical uncertainty from the total uncertainty. 
When the yields for all H → γ γ processes, including t H produc-
tion but not tt̄ H production, are set to their respective SM ex-

Fig. 3. Negative log-likelihood scan for the tt̄H cross section times BR(H → γ γ )

relative to the SM expectation, µtt̄H , at mH = 125.4 GeV, where all other Higgs 
boson production cross sections, including the cross section for t H production, are 
set to their respective SM expectations.

Fig. 4. Observed and expected 95% CL upper limits on the tt̄H production cross sec-
tion times BR(H → γ γ ). All other Higgs boson production cross sections, including 
the cross section for t H production, are set to their respective SM expectations. 
While the expected limits are calculated for the case where tt̄H production is not 
present, the lines denoted by “SM signal injected” show the expected 95% CL limits 
for a dataset corresponding to continuum background plus SM Higgs boson produc-
tion. The limits are given relative to the SM expectations and at mH = 125.4 GeV.

pected number of events, a best-fit value of 1.3+2.5
−1.7(stat.)+0.8

−0.4(syst.)
is obtained for µtt̄ H , which is also shown in the scan of the like-
lihood in Fig. 3. This best-fit value of µtt̄ H is consistent with 
the SM expectation of one, but does not represent a significant 
excess over the predicted background rate, and CLs-based [85]
95% CL exclusion upper limits are set for tt̄ H production times 
BR(H → γ γ ). Limits are set using the asymptotic formulae dis-
cussed in Ref. [86] with the profile likelihood ratio as test statistic. 
The results are found to be consistent with limits derived from 
ensembles of pseudo-experiments. The observed and expected up-
per limits for µtt̄ H at mH = 125.4 GeV are summarized in Fig. 4 as 
well as in Table 4, where the expected limits assume µtt̄ H = 0. The 
non-tt̄ H Higgs boson production modes, including t H , are fixed to 
their SM expectations with corresponding theory and experimen-
tal uncertainties assigned. An upper limit of 6.7 times the SM cross 
section times BR(H → γ γ ) is observed. Upper limits at 95% CL are 
also set on the signal strength of the sum of all H → γ γ pro-
cesses, µ, and the observed (expected) limit is 5.7 (3.8).

These results are also interpreted as 95% CL limits on the 
strength parameter κt of the top quark–Higgs boson Yukawa cou-
pling. Variations in κt not only change the production cross sec-
tions of the tt̄ H and t H processes, but also affect BR(H → γ γ ), 
and the cross sections of the other Higgs boson production pro-
cesses [82]. Fig. 5 illustrates the dependence of the tt̄ H and t H
cross sections and of the BR(H → γ γ ) on κt . For κt = 0, the tt̄ H

H→γγ 

µttH = 1.3−1.7
+2.5 (stat.)−0.4

+0.8 (syst.)

95% CL upper limit on signal strength (µ)

observed expected

ttH(γγ) 5.6 4.9

ttH(bb) 3.4 2.2

ttH(multi-lepton) 4.7 2.4

PRD 90, (2014)112015 arXiv:1503.05066

arXiv:1506.05988

Table 5: Observed and expected 95% CL upper limits, derived using the CLs method, on the strength parameter µ = �tt̄H,obs/�tt̄H,SM
for a Higgs boson of mass mH = 125 GeV. The last column shows the median expected limit in the presence of a tt̄H signal of
Standard Model strength.

Expected Limit
Channel Observed Limit �2� �1� Median +1� +2� Median (µ = 1)
2`0⌧had 6.7 2.1 2.8 3.9 5.7 8.4 5.0

3` 6.8 2.0 2.7 3.8 5.7 8.5 5.1
2`1⌧had 7.5 4.5 6.1 8.4 13 21 10

4` 18 8.0 11 15 23 39 17
1`2⌧had 13 10 13 18 26 40 19

Combined 4.7 1.3 1.8 2.4 3.6 5.3 3.7

The results of the fit are shown in Fig. 3. The impact of
the most important systematic uncertainties on the measured
value of µ in the combined fit is shown in Table 4. In each cat-
egory, the uncertainties on µ are mainly statistical, except for
the combined 2`0⌧had result where the statistical and system-
atic uncertainties are of comparable size. In the 4` Z-depleted
category, a (non-physical) signal strength µ < �0.17 results in
a negative expected total yield and a discontinuity in the pro-
filed likelihood; the error bar is therefore truncated at this point.
The results are compatible with the Standard Model expectation
and with previous searches for tt̄H production in multilepton fi-
nal states [18]. Combined over all categories, the value of µ is
found to be 2.1+1.4

�1.2. In the presence of a signal of SM strength,
the combined fit is expected to return µ = 1.0+1.2

�1.1. The µ = 0
hypothesis has an observed (expected) p-value of 0.037 (0.18),
corresponding to 1.8� (0.9�). The µ = 1 hypothesis (the SM)
has an observed p-value of 0.18, corresponding to 0.9�. The
likelihood function can be used to obtain 95% confidence level
(CL) upper limits on µ using the CLs method [95, 96], leading
to the results in Table 5. The observed (expected) upper limit,
combining all channels, is µ < 4.7 (2.4).

This analysis is a search for tt̄H production; as such, pro-
duction of tHqb and tHW is considered as a background and set
to Standard Model expectation. Including this contribution as a
background induces a shift of �µ = �0.04 compared to setting
it to zero. A full extraction of limits on the top quark Yukawa
coupling including the relevant modifications of single top plus
Higgs boson production is reported in Ref. [97].

The results are sensitive to the assumed cross sections for
tt̄W and tt̄Z production, and use theoretical predictions for these
values as experimental measurements do not yet have su�cient
precision. The best-fit µ value as a function of these cross sec-
tions is

µ(tt̄H) = 2.1 � 1.4
 
�(tt̄W)
232 fb

� 1
!
� 1.3

 
�(tt̄Z)
206 fb

� 1
!

10. Conclusions

A search for tt̄H production in multilepton final states has
been performed using 20.3 fb�1 of proton–proton collision data

Figure 3: Best-fit values of the signal strength parameter
µ = �tt̄H,obs/�tt̄H,SM. For the 4` Z-depleted category, µ < �0.17
results in a negative expected total yield and so the lower un-
certainty is truncated at this point.
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normalised to the SM expectation, as well as on several nuisance
parameters that describe the shape and normalisation of the back-
ground distribution in each event category and the systematic un-
certainties. Results for the signal production cross section times
branching ratio are also provided. In that case, the likelihood func-
tion depends on two parameters of interest, the signal cross sec-
tions times branching ratios at

√
s = 7 TeV and

√
s = 8 TeV, and

the systematic uncertainties on the SM cross sections and branch-
ing ratios are removed.

The background model in each event category is chosen based
on the studies of sensitivity versus bias described in the previous
section. For 2012 data, fifth- and fourth-order polynomials are cho-
sen to model the background in the low-pTt categories while an
exponentiated second-order polynomial is chosen for the high-pTt
categories. For 2011 data, a fourth-order polynomial is used for
the low-pTt categories and an exponential function is chosen for
the high-pTt ones. The signal resolution functions in each category
are described by the model illustrated in Section 4.2, fixing the
fraction of events in each category to the MC predictions. For each
fixed value of the Higgs boson mass between 120 and 150 GeV,
in steps of 0.5 GeV, the parameters of the signal model are ob-
tained, separately for each event category, through interpolation of
the fully simulated MC samples.

For each of the nuisance parameters describing systematic un-
certainties the likelihood is multiplied by a constraint term for
each of the experimental systematic uncertainties evaluated as
described in Section 5. For systematic uncertainties affecting the
expected total signal yields for different centre-of-mass or lepton
flavour, a log-normal constraint is used while for the uncertainties
on the fractions of signal events in different pTt − |!ηZγ | cate-
gories and on the signal mℓℓγ resolution a Gaussian constraint is
used [61].

6.2. Statistical analysis

The data are compared to background and signal-plus-back-
ground hypotheses using a profile likelihood test statistic [61].
Higgs boson decays to final states other than ℓℓγ are expected
to contribute negligibly to the background in the selected sample.
For each fixed value of the Higgs boson mass between 120 and
150 GeV fits are performed in steps of 0.5 GeV to determine the
best value of µ (µ̂) or to maximise the likelihood with respect to
all the nuisance parameters for alternative values of µ, including
µ = 0 (background-only hypothesis) and µ = 1 (background plus
Higgs boson of that mass, with SM-like production cross section
times branching ratio). The compatibility between the data and
the background-only hypothesis is quantified by the p-value of the
µ = 0 hypothesis, p0, which provides an estimate of the signifi-
cance of a possible observation. Upper limits on the signal strength
at 95% C L are set using a modified frequentist (C Ls) method [62],
by identifying the value µup for which the C Ls is equal to 0.05.
Closed-form asymptotic formulae [63] are used to derive the re-
sults. Fits to the data are performed to obtain observed results.
Fits to Asimov pseudo-data [63], generated either according to the
µ = 1 or µ = 0 hypotheses, are performed to compute expected
p0 and C Ls upper limits, respectively.

Fig. 2 shows the mℓℓγ distribution of all events selected in data,
compared to the sum of the background-only fits to the data in
each of the ten event categories. No significant excess with respect
to the background is visible, and the observed p0 is compatible
with the data being composed of background only. The smallest p0
(0.05), corresponding to a significance of 1.6σ , occurs for a mass
of 141 GeV. The expected p0 ranges between 0.34 and 0.44 for a
Higgs boson with a mass 120 < mH < 150 GeV and SM-like cross
section and branching ratio, corresponding to significances around

Fig. 2. Distribution of the reconstructed ℓℓγ invariant mass in data, after combining
all the event categories (points with error bars). The solid dark grey (blue in the
web version) line shows the sum of background-only fits to the data performed in
each category. The dashed histogram corresponds to the signal expectation for a
Higgs boson mass of 125 GeV decaying to Zγ at 50 times the SM-predicted rate.

Fig. 3. Observed 95% C L limits (solid black line) on the production cross section
of an SM Higgs boson decaying to Zγ divided by the SM expectation. The limits
are computed as a function of the Higgs boson mass. The median expected 95%
C L exclusion limits (dashed red line), in the case of no expected signal, are also
shown. The green and yellow bands correspond to the ±1σ and ±2σ intervals.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

0.2σ . The expected p0 at mH = 125.5 GeV is 0.42, corresponding
to a significance of 0.2σ , while the observed p0 at the same mass
is 0.27 (0.6σ ).

Observed and expected 95% C L upper limits on the value of the
signal strength µ are derived and shown in Fig. 3. The expected
limit ranges between 5 and 15 and the observed limit varies
between 3.5 and 18 for a Higgs boson mass between 120 and
150 GeV. In particular, for a mass of 125.5 GeV, the observed and
expected limits are equal to 11 and 9 times the Standard Model
prediction, respectively. At the same mass the expected limit on
µ assuming the existence of an SM (µ = 1) Higgs boson with
mH = 125.5 GeV is 10. The results are dominated by the statistical
uncertainties: neglecting all systematic uncertainties, the observed
and expected 95% C L limits on the cross section at 125.5 GeV de-
crease by about 5%.

Upper limits on the pp → H → Zγ cross section times branch-
ing ratio are also derived at 95% C L, for

√
s = 7 and 8 TeV.

For
√

s = 8 TeV, the limit ranges between 0.13 and 0.5 pb; for√
s = 7 TeV, it ranges between 0.20 and 0.8 pb. At mH = 125.5 GeV

the expected and observed limits are 0.33 pb and 0.45 pb, re-
spectively, for

√
s = 8 TeV, and 0.7 pb and 0.5 pb, respectively, for√

s = 7 TeV.
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values of

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

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

�0.05 (theo.), and

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

�0.07 (expt.) +0.10
�0.08 (theo.)

at these two energies.

A significant component of the theoretical uncertainty is associated with the SM predictions of the Higgs
boson production cross sections and decay branching ratios. Advances in theoretical calculations are
required to improve the precision of future measurements.
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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. 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 systematic uncertainty (bottom) on
the signal strength shown as horizontal error bars.
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Figure 5: The best-fit signal-strength values of di↵erent production modes determined from the combined fit to
the
p
s = 7 and 8 TeV data. The inner and outer error bars correspond to 68% CL and 95% CL intervals. Total

uncertainties combining statistical, experimental and theoretical systematic uncertainties are shown. The fit assumes
the SM values of the Higgs boson decay branching ratios for mH = 125.36 GeV.

nevertheless yield a reasonable measurement for the total cross section. The resulting total Higgs boson
production cross sections at the two energies are

�H (7 TeV) = 22.1 +7.4
�6.0 pb = 22.1 +6.7

�5.3 (stat) +2.7
�2.3 (expt.) +1.9

�1.4 (theo.) pb and

�H (8 TeV) = 27.7 ± 3.7 pb = 27.7 ± 3.0 (stat.) +2.0
�1.7 (expt.) +1.2

�0.9 (theo.) pb ,

to be compared with the theoretical predictions of (17.4 ± 1.6) pb at
p
s = 7 TeV and (22.3 ± 2.0) pb atp

s = 8 TeV, as shown in Table 1.

These cross sections are di↵erent from what one would naively expect from the global signal-strength val-
ues discussed in Section 4.1, particularly for

p
s = 7 TeV. The di↵erences are largely the result of analysis

categorisation. Categories often explore production processes or phase space regions with distinct signal-
event topologies. The resulting good signal-to-background ratios can significantly improve the precision
of the signal-strength measurements. However, these categories often account for small fractions of the
production cross section and thus have limited impact on the total cross-section measurement which is
dominated by processes with larger expected cross sections. One good example is the VBF category. It
contributes significantly to the global signal-strength measurement, but has a relatively minor impact on
the total cross-section measurement.
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• All measurements of signal strength consistent with 1:

• combined precision ~13%, theory uncertainty non-negligible

AT
LA

S-
C

O
N

F-
20

15
-0

07



Summary of signal strength measurement

26

values of

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

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

�0.05 (theo.), and

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

�0.07 (expt.) +0.10
�0.08 (theo.)

at these two energies.

A significant component of the theoretical uncertainty is associated with the SM predictions of the Higgs
boson production cross sections and decay branching ratios. Advances in theoretical calculations are
required to improve the precision of future measurements.
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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. 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 systematic uncertainty (bottom) on
the signal strength shown as horizontal error bars.
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4.4. Ratios of production cross sections and decay branching ratios

At the LHC, the Higgs boson production cross sections and decay branching ratios cannot be separately
determined in a model-independent way as only their products are measured. However, the ratios of cross
sections and ratios of branching ratios can be factorised model-independently and thus the decays can be
decoupled from the production. A parameterisation using these ratios also benefits from cancellations of
many theoretical and experimental systematic uncertainties.

By normalising the production yields to the signal strength of the gg ! H ! WW ⇤ production, µWW ⇤
ggF ,

the yields of other Higgs boson production modes and decay channels can be parameterised using the
ratios of cross sections and ratios of branching ratios. The gg ! H ! WW ⇤ process is chosen as
reference as it has the largest rate after event selection and is well measured (see for example Fig. 3). For
example, for the production and decay i ! H ! f , the yield is then

�i · BR f = µ
f

i
⇥
h
�i · BR f

i
SM
=
⇣
µWW ⇤

ggF · Ri/ggF · ⇢ f/WW ⇤
⌘
⇥
h
�i · BR f

i
SM
. (3)

Here R and ⇢ are ratios of cross sections and branching ratios, respectively:

Ri/ggF =
�i/�ggFh
�i/�ggF

i
SM

and ⇢ f/WW ⇤ =
BR f /BRWW ⇤
h
BR f /BRWW ⇤

i
SM

. (4)

Table 5: Best-fit values of gg ! H !WW ⇤ signal strength µWW ⇤
ggF , ratios of cross sections Ri/ggF and of branching

ratios ⇢ f/WW ⇤ . All Ri/ggF and ⇢ f/WW ⇤ are measured relative to their SM values for mH = 125.36 GeV from the
combined analysis of the

p
s = 7 and 8 TeV data. The observed and expected significances of the VBF, VH and

ttH production with respect to the background-only hypothesis are also shown.
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The data are fitted with µWW ⇤
ggF , three cross-section ratios and one ratio of branching ratios for each decay

channel other than the H ! WW ⇤ decay. The results are shown in Table 5 and illustrated in Fig. 6.
Results from the searches of H ! µµ and H ! Z� decays are included in the fit, but the current datasets
do not result in sensitive measurements of ⇢µµ/WW ⇤ and ⇢Z�/WW ⇤ . Therefore only 95% CL upper limits
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meterisation, the gg ! H ! WW ⇤ signal strength µWW ⇤

ggF is pulled up from 0.98+0.29
�0.26 of its standalone

measurement in the H !WW ⇤ decay (see Fig. 1) to 1.15+0.28
�0.24 to accommodate the observed large global

signal-strength value (Section 4.1). Another important feature is the anticorrelation between Ri/ggF and
⇢ f/WW ⇤ , see Eq. 3. One evident case is that the fit yields a RVH/ggF value above the SM prediction, but
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4.4. Ratios of production cross sections and decay branching ratios

At the LHC, the Higgs boson production cross sections and decay branching ratios cannot be separately
determined in a model-independent way as only their products are measured. However, the ratios of cross
sections and ratios of branching ratios can be factorised model-independently and thus the decays can be
decoupled from the production. A parameterisation using these ratios also benefits from cancellations of
many theoretical and experimental systematic uncertainties.

By normalising the production yields to the signal strength of the gg ! H ! WW ⇤ production, µWW ⇤
ggF ,

the yields of other Higgs boson production modes and decay channels can be parameterised using the
ratios of cross sections and ratios of branching ratios. The gg ! H ! WW ⇤ process is chosen as
reference as it has the largest rate after event selection and is well measured (see for example Fig. 3). For
example, for the production and decay i ! H ! f , the yield is then
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Higgs boson coupling scale factors
❖ Assumptions: 

• Single state, spin 0 and CP-even. 
• Narrow-width approximation: 

❖ Methodology: parametrise deviations with coupling scale factors {κx}
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Observation and measurement of Higgs boson decays to WW ⇤ with the ATLAS detector

G. Aad et al.⇤

(ATLAS Collaboration)
(Dated: December 9, 2014)

We report the observation of Higgs boson decays to WW ⇤ based on an excess over background of 6.1
standard deviations in the dilepton final state, where the Standard Model expectation is 5.8 standard
deviations. Evidence for the vector-boson fusion (VBF) production process is obtained with a signif-
icance of 3.2 standard deviations. The results are obtained from a data sample corresponding to an
integrated luminosity of 25 fb�1 from

p
s=7 and 8TeV pp collisions recorded by the ATLAS detector

at the LHC. For a Higgs boson mass of 125.36GeV, the ratio of the measured value to the expected
value of the total production cross section times branching fraction is 1.09+0.16

�0.15 (stat.)
+0.17
�0.14 (syst.).

The corresponding ratios for the gluon fusion and vector-boson fusion production mechanisms are
1.02± 0.19 (stat.)+0.22

�0.18 (syst.) and 1.27+0.44
�0.40 (stat.)

+0.30
�0.21 (syst.), respectively. At

p
s=8TeV, the to-

tal production cross sections are measured to be �(gg!H !WW ⇤) = 4.6± 0.9 (stat.)+0.8
�0.7 (syst.) pb

and �(VBF H !WW ⇤)= 0.51+0.17
�0.15 (stat.)

+0.13
�0.08 (syst.) pb. The fiducial cross section is determined

for the gluon-fusion process in exclusive final states with zero or one associated jet.

PACS numbers: 13.85.Hd, 13.85.-t, 14.80.Bn

I. INTRODUCTION

In the Standard Model of particle physics (SM), the
Higgs boson results from the Brout-Englert-Higgs mech-
anism [1] that breaks the electroweak symmetry [2] and
gives mass to the W and Z gauge bosons [3]. It has
a spin-parity of 0+, with couplings to massive particles
that are precisely determined by their measured masses.
A new particle compatible with the spin and gauge-boson
couplings of the SM Higgs boson was discovered in 2012
by the ATLAS and CMS experiments at the LHC using
the ZZ⇤, ��, and WW ⇤ final states [4–8]. Measurements
of the particle’s mass [8, 9] yield a value of approximately
125GeV, consistent with the mass of the SM Higgs boson
provided by a global fit to electroweak measurements [10].
Evidence for production of this boson at the Tevatron [11]
and for its decay to fermions at the LHC [12] are also
consistent with the properties of the SM Higgs boson.

The direct observation of the Higgs boson in individ-
ual decay channels provides an essential confirmation of
the SM predictions. For a Higgs boson with a mass of
125GeV, the H!WW ⇤ decay has the second largest
branching fraction (22%) and is a good candidate for
observation. The sequential decay H!WW ⇤ ! `⌫`⌫,
where ` is an electron or muon, is a sensitive experimen-
tal signature. Searches for this decay produced the first
direct limits on the mass of the Higgs boson at a hadron
collider [13, 14], and measurements following the boson
discovery are among the most precise in determining its
couplings and spin [5–7].

The dominant Higgs boson production mode in high-
energy hadron collisions is gluon fusion (ggF), where the
interacting gluons produce a Higgs boson predominantly
through a top-quark loop. The next most abundant pro-
duction mechanism, with a factor of twelve reduction in

⇤ Full author list given at the end of the article.

rate, is the fusion of vector bosons radiated by the in-
teracting quarks into a Higgs boson (vector-boson fusion
or VBF). At a further reduced rate, a Higgs boson can
be produced in association with a W or Z boson (VH
production). The leading-order production processes are
depicted in Fig. 1.
This paper describes the observation and measurement

of the Higgs boson in its decay to a pair of W bosons,
with the Higgs boson produced by the ggF and VBF
processes at center-of-mass energies of 7 and 8TeV. The
ggF production process probes Higgs boson couplings to
heavy quarks, while the VBF and VH processes probe
its couplings to W and Z bosons. The branching frac-
tion BH !WW⇤ is sensitive to Higgs boson couplings
to the fermions and bosons through the total width.

H

ggF production

W ⇤

W

W

W
q0

q0

VBF production

H

W
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VH production

q̄

q

V
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q

q
V
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H
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g

FIG. 1. Feynman diagrams for the leading production modes
(ggF, VBF, and VH), where the V VH and qqH coupling ver-
tices are marked by • and �, respectively. The V represents
a W or Z vector boson.
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supports the SM assumptions of production in association with vector bosons or a pair of top quarks.

5. Coupling strength fits

In the previous section signal strength scale factors µ f
i

for given Higgs boson production or decay modes
are discussed. However, for a measurement of Higgs boson coupling strengths, production and decay
modes cannot be treated independently, as each observed process involves at least two Higgs boson coup-
ling strengths.

Scenarios with a consistent treatment of coupling strengths in production and decay modes are studied
in this section. All uncertainties on the best-fit values shown take into account both experimental and
theoretical systematic uncertainties.

5.1. Framework for coupling strength measurements

Following the leading order (LO) tree level motivated framework and benchmark models recommended
in Ref. [11], measurements of coupling strength scale factors k j are implemented for the combination of
all analyses and channels summarised in Table 2.

5.1.1. Assumptions of the framework for benchmark models

The framework is based on the following assumptions:

• The signals observed in the di↵erent channels originate from a single narrow resonance with a mass
near 125.36 GeV. The case of several, possibly overlapping, resonances in this mass region is not
considered.

• Unless otherwise noted, the Higgs boson production and decay kinematics are assumed to be com-
patible with those expected for a SM Higgs boson, similar to what was assumed for the signal
strength measurements of Section 4.

• The width of the assumed Higgs boson near 125.36 GeV is neglected, i.e. the zero-width approx-
imation is used. Due to the zero-width assumption in the Higgs boson propagator, the product
[� ⇥BR](i ! H ! f ) for on-shell measurements can always be decomposed in the following way
for all channels:

�(i ! H ! f ) =
�i (k j ) · �f (k j )
�H(k j )

(5)

where �i is the production cross section through the initial state i , �f the partial decay width into
the final state f and �H the total width of the Higgs boson. The components of �i , �f , and �H of
Eq. 5 are expressed in terms of LO-motivated scale factors k j of the Higgs boson coupling strengths
to other particles j, where a value of k j = 1 corresponds to the SM expectation. In particular, the
total width �H relates to the Higgs boson coupling strengths as

�H(k j ,BRi. ,u.) =
k2

H(k j )

(1 � BRi. ,u.)
�SM

H , (6)
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❖ Two fundamental options: 

• Allow undetected/invisible decays (κH free) or only SM decays 

• Allow BSM particles in the loops or resolve the loop assuming SM field only

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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Table 6: Overview of Higgs boson production cross sections �i and Higgs boson partial decay widths �f . For
each production or decay mode the scaling of the corresponding rate in terms of Higgs boson coupling strength
scale factors is given. For processes where multiple amplitudes contribute, the rate may depend on multiple Higgs
boson coupling strength scale factors, and interference terms may give rise to scalar product terms kik j that allow
to determine the relative sign of the coupling strengths ki and k j . Expressions originate from Ref. [11], except for
�(gg ! ZH) (from Ref. [40]) and�(gb !WtH) and�(qb ! tHq0) (calculated using Ref. [26]). The expressions
are given for

p
s = 8 TeV and mH = 125.36 GeV and are similar for

p
s = 7 TeV. Interference contributions with

negligible magnitudes have been been omitted in this table.

Production Loops Interference Expression in terms of fundamental coupling strengths
�(ggF) X b � t k2

g ⇠ 1.06 · k2
t + 0.01 · k2

b � 0.07 · ktkb

�(VBF) - - ⇠ 0.74 · k2
W + 0.26 · k2

Z
�(WH) - - ⇠ k2

W
�(qq̄ ! ZH) - - ⇠ k2

Z
�(gg ! ZH) X Z � t k2

ggZH ⇠ 2.27 · k2
Z + 0.37 · k2

t � 1.64 · kZkt

�(bbH) - - ⇠ k2
b

�(ttH) - - ⇠ k2
t

�(gb !WtH) - W � t ⇠ 1.84 · k2
t + 1.57 · k2

W � 2.41 · ktkW

�(qb ! tHq0) - W � t ⇠ 3.4 · k2
t + 3.56 · k2

W � 5.96 · ktkW

Partial decay width
�bb̄ - - ⇠ k2

b
�WW - - ⇠ k2

W
�ZZ - - ⇠ k2

Z
�⌧⌧ - - ⇠ k2

⌧

�µµ - - ⇠ k2
µ

��� X W � t k2
g ⇠ 1.59 · k2

W + 0.07 · k2
t � 0.66 · kWkt

�Z� X W � t k2
Zg ⇠ 1.12 · k2

W + 0.00035 · k2
t � 0.12 · kWkt

Total decay width

�H X W � t

b � t
k2

H ⇠
0.57 · k2

b + 0.22 · k2
W + 0.09 · k2

g+

0.06 · k2
t + 0.03 · k2

Z + 0.03 · k2
c+

0.0023 · k2
g + 0.0016 · k2

Zg + 0.00022 · k2
µ

boson scattering and also holds in a wide class of BSM models. In particular, it is valid in any model with
an arbitrary number of Higgs doublets, with and without additional Higgs singlets. The assumption is
also justified in certain classes of composite Higgs boson models. A second alternative is to assume that
the coupling strengths in o↵-shell Higgs boson production are identical to those for on-shell Higgs boson
production. Under the assumption that the o↵-shell signal strength and coupling strength scale factors
are independent of the energy scale of the Higgs boson production, the total Higgs boson decay width
can be determined from the ratio of o↵-shell to on-shell signal strengths [24]. The boundary BRi. ,u. � 0,
motivated by the basic assumption that the total width of the Higgs boson must be greater or equal to the
sum of the partial widths, always introduces a lower bound on the Higgs boson width. The di↵erence
in e↵ect of these assumptions is therefore mostly in the resulting upper limit on the Higgs boson width.
The assumptions made for the various measurements are summarised in Table 7 and discussed in the next
sections together with the results.

25

Input analyses to the combinations:  H→γγ, ZZ, WW, ττ, bb, 
µµ, Zγ and constraint on ttH and off-shell Higgs productions
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Figure 7: Results of fits for the two-parameter benchmark model defined in Section 5.2.1 that probes di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total width:
(a) Results of the two-dimensional fit to kF and kV , including 68% and 95% CL contours; overlaying the 68% CL
contours derived from the individual channels and their combination; profile likelihood ratios as functions of the
coupling strength scale factors (b) the same measurement, without the overlays of the individual channels, (c) kF

(kV is profiled) and (d) kV (kF is profiled). The dashed curves in (c) and (d) show the SM expectations. In (d)
the sign of the chosen profiled solution for kF changes at kV ⇡ 0.8 , causing a kink in the likelihood. The profile
likelihood curves restricting kF to be either positive or negative are also shown to illustrate that this sign change
in the unrestricted profile likelihood is the origin of the kink. The red(green) horizontal lines indicates the cuto↵
values on the profile likelihood ratio corresponding to a 68%(95%) confidence interval on the parameter of interest,
assuming the asymptotic �2 distribution for the test statistic.
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Higgs Boson Coupling measurement
• Scaling coupling to fermions (κF) and 

vector bosons(κV): 

• All decay channels converging around 
SM expectation. 

• Other benchmarks models: 

• different options on the loops and decays 

• custodial symmetry of W and Z 

• coupling to up/down-type fermions 

• coupling ratios

29

*only SM contribution to loop and total width

Couplings very consistent with SM predictions 

Best Fit values: 

5.2. Fermion versus vector (gauge) coupling strengths

This benchmark model is an extension of the fit to the single parameter µ, where di↵erent strengths for the
fermion and vector couplings are allowed. It assumes that only SM particles contribute to the gg ! H ,
H!��, H ! Z� and gg ! ZH vertex loops, and modifications of the coupling strength factors for
fermions and vector bosons are propagated through the loop calculations. The fit is performed in two
variants, with and without the assumption that the total width of the Higgs boson is given by the sum of
the known SM Higgs boson decay modes (modified in strength by the appropriate fermion and vector
coupling strength scale factors, see for example the last column of Table 7).

5.2.1. Only SM contributions to the total width

The fit parameters are the coupling strength scale factors kF for all fermions and kV for all vector bo-
sons:

kV = kW = kZ

kF = kt = kb = kt = kg = kµ .

As only SM particles are assumed to contribute to the gg ! H loop in this benchmark model, the gluon
fusion process depends directly on the fermion scale factor k2

F
. Only the relative sign between kF and kV

is physical and hence in the following only kV > 0 is considered, without loss of generality. Sensitivity to
this relative sign is gained from the negative interference between the loop contributions of the W boson
and the t quark in H!�� and H ! Z� decays and in gg ! ZH production, as well as from the tH

processes (see Table 6).

Figure 7 shows the results of the fits for this benchmark model. Figure 7a illustrates how the H!��,
H ! ZZ⇤, H ! WW ⇤, H ! ⌧⌧ and H ! bb channels contribute to the combined measurement.
The slight asymmetry in kF for the H ! WW ⇤ and H ! bb is introduced by the small contributions
of the tH and gg ! ZH production processes for these decay modes. The strong constraint on kF

from H ! WW ⇤ decays is related to the 3.2� observation of the qq0 ! qq0H production process in
this channel. Outside the range shown in Fig. 7a there are two additional minima for H!��. The long
tails in the H ! bb contour towards high values of kV are the result of an asymptotically disappearing
sensitivity of the observed signal strength in the bb final states to kV at large values of kV .

Figure 7b shows only the combined measurement with the SM-like minimum with a positive relative
sign, as the local minimum with negative relative sign is disfavoured at the ⇠ 4.0� level, which can been
seen in the wider scan of kF , where kV is profiled, shown in Fig. 7c. The likelihood as a function of
kV , profiling kF , is given in Fig. 7d. Around kV = 0.8 the sign of the chosen profiled solution for kF

changes, causing a kink in the likelihood. The profile likelihood curves restricting kF to be either positive
or negative are also shown in Fig. 7d as thin curves to illustrate that this sign change in the unrestricted
profile likelihood is the origin of the kink.

The best-fit values and uncertainties, when the other parameter is profiled, are:

kV = 1.09+0.07
�0.07

kF = 1.11+0.17
�0.15.

The two-dimensional compatibility of the SM hypothesis with the best-fit point is 41%.
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Higgs Boson Coupling measurement
• Most general benchmark scenario with the consideration of all 

potential κ-scale factors:

30

Figure 15 shows the results of the fits for this benchmark scenario. All measured coupling strengths
are found to be compatible with the SM expectation within 1�. As shown in Figs. 16a and 16b, the
negative solution of kt is strongly disfavoured at 3.1� (2.9� expected), while the negative minimum of
kb is slightly disfavoured at 0.5� (no sensitivity expected). The six-dimensional compatibility of the SM
hypothesis with the best-fit point is 57%. Figure 17 shows the results of the fit for generic model 1 as
reduced coupling strength scale factors

yV,i =

r
kV,i

gV,i

2v
=
p

kV,i
mV,i

v
(9)

for weak bosons with a mass mV , where gV,i is the absolute Higgs boson coupling strength, v is the
vacuum expectation value of the Higgs field and

yF,i = kF,i
gF,ip

2
= kF,i

mF,i

v
(10)

for fermions as a function of the particle mass mF , assuming a SM Higgs boson with a mass of 125.36
GeV. For the b quark mass in Fig. 17 the MS running mass evaluated at 125.36 GeV is assumed.

For the measurements this generic model, it should be noted that the low fitted value of kb causes a
reduction of the total width �H by about 30% compared to the SM expectation (see Table 6), which in
turn induces a reduction of all other k-values by about 20%.
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Figure 17: Fit results for the reduced coupling strength scale factors yV,i =
q

kV,i
gV,i

2v =
pkV,i

mV,i

v
for weak bosons

and yF,i = kF,i
gF,ip

2
= kF,i

mF,i

v
for fermions as a function of the particle mass, assuming a SM Higgs boson with a

mass of 125.36 GeV. The dashed line indicates the predicted mass dependence for the SM Higgs boson.
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Measurements very compatible 
with SM prediction 
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Γ
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Parameter value

ATLAS Preliminary
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−1 √s = 8 TeV,20.3 fb
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m
H
= 125.36 GeV
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95%CL:

κV < 1 BRi. ,u. = 0κon = κof f

Figure 19: Results of fits for the generic model 2 (see text): the results indicated by a full box are obtained for
a benchmark model with e↵ective coupling strengths for loop processes allowing non-SM contributions, and a
floating BRi. ,u. allowing non-SM contributions to the total decay width. The fit results indicated by a full circle
represent a benchmark model where the total Higgs boson decay width is not modified with respect to the SM.
The hatched area indicates regions that are outside the defined parameter boundaries. The inner and outer bars
correspond to 68% CL and 95% CL intervals. The confidence intervals of BRi. ,u. and, in the benchmark model
with the constraints kW < 1 and |kZ | < 1, also kW and kZ , are estimated with respect to their physical boundaries
as described in the text. Numerical results are shown in Table 8.
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Invisible Higgs Searches
With the assumption of SM coupling to known SM particle 
• VBF:                    Br(H→inv)<0.29(0.35)@95% CL  
• ZH, Z→ee/µµ:    Br(H→inv)<0.75(0.62)@95% CL 
• VH, V→qq:         Br(H→inv)<0.78(0.86)@95% CL 
• Combination between Zh→ll+MET and indirect measurement: 

                    Br(H→inv)<0.37(0.39)@95% CL
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λ(h, WIMP), then re-parametrized to 
scattering cross section σχ-N.    

✦ Tight constraint on the DM at the 
low mass region

*Combination with the indirect measurement of 
different channels with coupling scenario 
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Off-Shell Behaviour and the Higgs Boson Width

32

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and
WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,
the interference between them, VV production in association with two jets through VBF and VH-like
production modes pp! VV + 2 j (s-, t- and u-channel) and the qq̄! VV background. The LO Feynman
diagrams for the gg ! H⇤ ! VV signal, the continuum gg ! VV background and the dominant
irreducible qq̄! VV background are depicted in Fig. 1. The WW ! e⌫ µ⌫ channel also receives sizeable
background contributions from tt̄ and single-top production. In the following a Higgs boson mass of
mH = 125.5 GeV, close to the ATLAS-measured Higgs boson mass value of 125.36 GeV [11], is assumed
for the o↵-shell signal processes. This small di↵erence has a negligible impact on the predicted o↵-shell
production yields.

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-
cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ
processes after applying the event selections in the ZZ ! 4` channel (see Sect. 3) on generator-level
quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an
increased o↵-shell signal with µo↵-shell = 10. For low masses mZZ < 2mZ the o↵-shell signal is negligible,
while it becomes comparable to the continuum gg! ZZ background for masses above the 2mt threshold.
The interference between the gg ! H⇤ ! ZZ signal and the gg ! ZZ background is negative over
the whole mass range. A very similar relation between the gg ! H⇤ ! VV signal and the gg ! VV
background is also seen for the gg! (H⇤ !)ZZ ! 2`2⌫ and gg! (H⇤ !)WW ! e⌫ µ⌫ processes.
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Figure 2: (a) Di↵erential cross-sections as a function of the four-lepton invariant mass m4` in the range of
100 GeV < m4` < 1000 GeV for the gg ! (H⇤ !)ZZ ! 2e2µ channel at the parton level, for the gg ! H⇤ ! ZZ
signal (red solid line), gg! ZZ continuum background (thick brown dotted line), gg! (H⇤ !)ZZ with SM Higgs
coupling (magenta long-dashed line, including signal plus background plus interference) and gg ! (H⇤ !)ZZ
with µo↵-shell = 10 (blue long-dashed line). (b) Di↵erential cross-section as a function of m4` in the range of
130 GeV < m4` < 1000 GeV for the gg ! H⇤ ! ZZ ! 2e2µ signal (solid red line) and its interference with the
gg! ZZ ! 2e2µ continuum background (black dashed line).
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1. Introduction25

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC,26

reported by the ATLAS [1] and CMS [2] Collaborations, is a milestone in the quest to understand elec-27

troweak symmetry breaking. Precision measurements of the properties of the new boson are of critical28

importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which29

ATLAS and CMS presented results in Refs. [3, 4], and spin/CP properties, studied by ATLAS and CMS30

in Refs. [5, 6].31

The studies in Refs. [7–10] have shown that the high-mass o↵-peak regions beyond 2mV (V = Z,W), well32

above the measured resonance mass of about 125 GeV [4,11], in the H ! ZZ and H ! WW channels are33

sensitive to Higgs boson production through o↵-shell and background interference e↵ects. This presents34

a novel way of characterising the properties of the Higgs boson in terms of the o↵-shell event yields,35

normalised to the SM prediction (referred to as signal strength µ), and the associated o↵-shell Higgs36

boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the37

Higgs boson and other fundamental particles in the high-mass region [12–18]. This approach was used38

by the CMS Collaboration [19] to set an indirect limit on the total width. The analysis presented in this39

paper is complementary to direct searches for Higgs boson to invisible decays [20, 21] and to constraints40

coming from the Higgs boson coupling tests [3, 4].41

This paper presents an analysis of the o↵-shell signal strength in the ZZ ! 4`, ZZ ! 2`2⌫ and WW !42

e⌫ µ⌫ final states (` = e, µ). It is structured as follows: Sect. 2 discusses the key theoretical considerations43

and the simulation of the main signal and background processes. Sections 3, 4 and 5 give details for44

the analysis in the ZZ ! 4`, ZZ ! 2`2⌫ and WW ! e⌫ µ⌫ final states, respectively. The dominant45

systematic uncertainties are discussed in Sect. 6. Finally the results of the individual analyses and their46

combination are presented in Sect. 7.47

The ATLAS detector is described in Ref. [22]. The present analysis is performed on pp collision data48

corresponding to an integrated luminosity of 20.3 fb-1 at a collision energy of
p

s = 8 TeV.49

2. Theoretical predictions and simulated samples50

The cross-section�gg!H⇤!VV
o↵-shell for the o↵-shell Higgs boson production with subsequent decay into vector-51

boson pairs,1 as illustrated by the Feynman diagram in Fig. 1(a), is proportional to the product of the Higgs52

boson couplings squared for production and decay. However, unlike the on-shell Higgs boson production,53

�gg!H⇤!VV
o↵-shell is independent of the total Higgs boson decay width �H [7,8]. Using the framework for Higgs54

boson coupling deviations as described in Ref. [23], the o↵-shell signal strength in the high-mass region55

selected by the analysis described in this paper at an energy scale ŝ, µo↵-shell(ŝ), can be expressed as:56

µo↵-shell(ŝ) ⌘ �
gg!H⇤!VV
o↵-shell (ŝ)

�gg!H⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V,o↵-shell(ŝ) , (1)

1 In the following the notation gg ! (H⇤ !)VV is used for the full signal+background process for VV = ZZ and WW
production, including the Higgs boson signal (S) gg ! H⇤ ! VV process, the continuum background (B) gg ! VV process
and their interference. For vector-boson fusion (VBF) production, the analogous notation VBF (H⇤ !)VV is used for the
full signal plus background process, with VBF H⇤ ! VV representing the Higgs boson signal and VBF VV denoting the
background.

19th February 2015 – 11:35 2

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤57

production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,58

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent59

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated60

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The61

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.62

g

g

H⇤
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V

t, b

(a)

V

V

g

g

q

(b)

q̄

q V

V

(c)

Figure 1: The leading-order Feynman diagrams for (a) the gg ! H⇤ ! VV signal, (b) the continuum gg ! VV
background and (c) the qq̄! VV background.

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:63

64

µon-shell ⌘
�gg!H!VV

on-shell

�gg!H!VV
on-shell, SM

=
2g,on-shell · 2V,on-shell

�H/�SM
H

, (2)

which depends on the total width �H . Assuming the same on-shell and o↵-shell Higgs couplings, the ratio65

of µo↵-shell to µon-shell provides a measurement of the total width of the Higgs boson. This assumption is66

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production67

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-68

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current69

sensitivity of the analysis, only an upper limit on the total width �H can be determined, for which the70

weaker assumption71

2g,on-shell · 2V,on-shell  2g,o↵-shell · 2V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed72

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings73

i,o↵-shell does not modify the predictions for the backgrounds. Nor are there either sizeable kinematic74

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated75

to an enhanced o↵-shell signal strength [18, 24].76

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-77

order QCD calculations are available for the gg! VV background process, which is evaluated at leading78

order (LO). Therefore the results are given as a function of the unknown K-factor for the gg ! VV79

background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively in80

the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables and81

the event selections are designed to minimise the dependence on the boost of the VV system, which is82

sensitive to the jet multiplicity.83

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and84

WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,85
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µoffshell = µonshell × ΓH /ΓH (SM )

❖ Measurement of the off-shell signal strength in H→WW and H→ZZ.  

❖ With the combination between on-shell and off-shell analysis: 

✦ Assuming the on-shell couplings are the same as the off-shell couplings, the 
coupling measurements can be reinterpreted as the constraints on ΓH.  

✦ Assuming SM Higgs width, it can be reinterpreted as the constraints on off-shell 
and on-shell coupling ratio         
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Figure 42: The observed and expected 95% CL upper limit on µggo f f shell/µ
gg
onshell as a function of RB

H⇤
with assumption of �H = �S M, µVBF

on-shell = µ
VBF
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vv
o↵-shell in three cases: (a) : µggon-shell =

µVBF
on-shell; (b) µggon-shell is independent on µVBF

on-shell ; (c) µVBF
on-shell = 1.



Off-Shell signal strength and the Higgs Boson Width Limit

❖ Assuming the unknown gg→VV k-factor 
is equal to signal k-factor: 

✦ µoffshell <6.2 (8.1) obs(exp) at 95%CL 

✦ ΓH< 22.7 (33.0)MeV obs(exp) at 95%CL
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Figure 10: The observed and expected combined 95% CL upper limit on µo↵-shell as a function of RB
H⇤ for the com-

bined ZZ and WW analyses. The upper limits are calculated using the CLs method, with the SM as the alternative
hypothesis. (a) Limit on the common signal strength µo↵-shell applied to both the gg! H⇤ and VBF processes. The
ratio of the gg! H⇤ and VBF processes is assumed to be as in the SM. (b) Limit on the signal strength µgg!H⇤!VV
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for the gg ! H⇤ ! VV process. The production rate for the VBF o↵-shell process is fixed to the SM prediction.
The green (yellow) bands represent the 68% (95%) confidence intervals for the CLs expected limit.
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expressed as a function of unknown K-factor ratio: 

❖ Direct Higgs width measurement at 95%CL: 

✦ H→γγ:    ΓH<5.0(6.2)GeV    

✦ H→ZZ:  ΓH<2.6(6.2)GeV

arxiv: 1503.01060



Higgs Boson Quantum Numbers
Clear SM prediction for Higgs Boson quantum Numbers:  Jpc=0++
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• All alternative hypothesises excluded to more than 99% CL: non-SM spin-0 models 
and spin-2 models with universal and non-universal coupling to fermions and bosons. 

• Tensor structure of the HVV interaction in the spin-0 hypothesis is investigated. 

• Higgs boson very SM-like: small non-SM admixture not yet excluded!

*hypothesis test of spin-2 



Fiducial and Differential cross section measurement

❖ Measurement designed as model independent as possible. 
❖ Direct comparison with theoretical predictions at particle level. 
❖ A wide and diverse range of physical phenomena to be probed: 

✦ Higgs boson kinematics, Jet activity, VBF-sensitive variables, Spin-CP sensitive variables
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✦ Dominated by statistical 
uncertainties 

✦ Broadly in line with the 
theoretical expectations



Inclusive pp→H cross section

The measurement are comparable to the prediction
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Gluon fusion cross section

Figure 7 shows the measurement of the Higgs boson
production cross section compared to a range of theory
predictions, including LHC-XS, the result used by the
ATLAS and CMS collaboration in Run 1, for which the
ggF part is accurate to NNLO+NNLL in QCD [10], as
well as ggF cross section calculations that attempt to
go beyond NNLO, including the recently completed full
N3LO prediction. Details about the various predictions
are presented in Table XX, and the central values and a
breakdown of the uncertainties of the calculations as well
as the measurement are reported in Table XXI.
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FIG. 7. Measured total cross section of Higgs boson produc-
tion compared to di↵erent theoretical calculations.

TABLE XX. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLLa,b,c

ADDFGHLM [27–30] N3LOa,b,c

ABNY [47] NNLO+NNLLa,b,c,d,e

STWZ [31] NNLOc,d

dFMMV [48] approx. N3LOc

BBFMR [49–51] approx. N3LO+N3LLa,b,c

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡2-resummed gg ! H form factor
e In the counting of Ref. [47], the result has N3LL accuracy

For the predictions, uncertainties from renormaliza-
tion, factorization and, where appropriate, resumma-
tion scale variations as well as uncertainties due to ap-
proximation or missing terms beyond NNLO are pro-

TABLE XXI. Central values and uncertainties for the di↵er-
ent ggF predictions and the data.

Name �gg!H [pb]

Data�XHa 30.0 ±5.3 (stat) ±1.6 (sys)

LHC-XS 19.15 +1.38
�1.49 (scale) +1.44

�1.32 (pdf)

ADDFGHLM 20.55 +0.04
�0.45 (scale) +1.60

�1.44 (pdf)

ABNY 19.54 +0.55
�0.14 (scale) +1.47

�1.35 (pdf) ±0.78 (appr.)

STWZ 20.41 ±1.18 (scale) +1.53
�1.41 (pdf)

dFMMV 21.12 +0.29
�0.42 (scale) +1.58

�1.46 (pdf) ±0.56 (appr.)

BBFMR 21.32 +1.39
�0.45 (scale) +1.60

�1.47 (pdf) ±1.39 (appr.)

a Non-ggF cross section
�XH = 3.01+0.05

�0.06 (scale) ± 0.09 (pdf) pb, subtracted from the
measured inclusive cross section: 33.0± 5.3 (stat)± 1.6 (sys) pb.

vided separately for each prediction. The same rela-
tive PDF uncertainty of +7.5

�6.9% is assigned to all ggF
predictions, except for the ADDFGHLM prediction for
which this uncertainty is increased to +7.8

�7.0% correspond-
ing to the change in MSTW2008nnlo uncertainty ob-
served by the group when changing the matrix element
from NNLO to N3LO. The non-ggF contribution (�XH =
3.01+0.05

�0.06 (scale) ± 0.09 (pdf) pb, XH = VBF + V H +
tt̄H + bb̄H) is added to the ggF predictions to be able
to compare to the data in Fig. 7.
As detailed in Table XX, all inclusive predictions use

the same PDF set but di↵er in the perturbative calcula-
tion. Four of the predictions apply both electroweak cor-
rections and consider finite b- and c-quark masses. These
corrections have non-negligible impacts on the ggF cross
section; the electroweak correction results in an increase
of approximately 5%, while the bottom and charm cor-
rections give a O(5 � 10%) reduction depending on pre-
cisely how they have been implemented in the calcula-
tions. They therefore have an opposite e↵ect on the total
cross section such that their numerical e↵ects partially
cancel. The STWZ and dFMMV predictions consider
neither of these corrections.
The calculations take di↵erent approaches to approx-

imately evaluate the ggF cross section beyond NNLO.
Therefore the preferred scale for each calculation di↵ers,
and the choice of scale and the precise scale variations
applied was left to the authors of the calculations. The
LHC-XS, ABNY, STWZ, and BBFMR predictions use
a central scale of µ0 = mH as their overall scale, while
dFMMV and ADDFGHLM use µ0 = mH/2.

Combined#Inclusive#Total#Cross#Sec?on#
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Hbb + Htt + VH  =  VBF + XH

QCD scale uncertainty
LO approx. uncert.3QCD scale and N

)sα PDF+⊕LO approx. 3(scale, NTot. uncert. 
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Summary: What have we learned?
• Higgs mass determined to 0.2%


• Higgs signal strength ~1, determined to 15%


• Higgs couplings tested for many scenarios and 
assumptions (consistent with SM), the combination 
between ATLAS and CMS is coming soon.


• Many non-Spin-0 and CP-odd hypotheses excluded


• Differential cross-section measurement at 8TeV

37

Higgs boson is so far very consistent with SM predictions, 
but still statistically limited.



LHC/HL-LHC Plan
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LHC → HL-LHC

15

http://hilumilhc.web.cern.ch/about/hl-lhc-project

today: LCWS’14
ILC running??

√s = 13 TeV 
bunch spacing 25 ns

√s = 14 TeV 
LHC injector upgrade

New interaction 
region layout!
Crab cavity

� ~ 1.6 × 1034 cm−2s−1#
Pile Up ~ 40

� ~ 2 × 1034 cm−2s−1#
Pile Up ~ 60

luminosity levelling!
� ~ 5 × 1034 cm−2s−1#

Pile Up ~ 140

Integrated 
luminosity



Prospect of Higgs Boson coupling
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• Offer a comprehensive physics programme 
• Expected to establish: H→bb, ttH , H→µµ , H→Zγ  
• 3000fb-1 offers physics significance better than 300fb-1 
• Theory uncertainties become dominant for many key processes
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LHC Run2 is underway, more results to come very soon! 


