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expected and observed p-values....         

ATLAS and CMS: significance driven by the γγ, ZZ and WW channels

besides the excess at 125-126 GeV: 95% CL exclusion of a SM-like Higgs up to ~600 GeV



QCD + Electroweak Theory +

Interactions: SU(3)c � SU(2)L � U(1)Y gauge symmetries
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✴ A force of a new character, based on 
interactions of an elementary scalar

✴ A new gauge force, perhaps acting on 
undiscovered constituents

✴ A residual force that emerges from strong 
dynamics among electroweak gauge bosons

✴ An echo of extra spacetime dimensions

A hitherto unknown agent 
hides the electroweak symmetry
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Gauge symmetry (group-theory structure) tested in
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Electroweak symmetry validated at LEP
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Standard-model Higgs boson
hides electroweak symmetry,
gives masses to W± and Z0, 

ensures good high-energy behavior.

Something must do this job
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Origin of fermion mass?

By decree, Weinberg & Salam add
interactions between fermions and scalars
that give rise to quark and lepton masses.
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picked to give right mass, not predicted
fermion mass implies physics beyond standard model
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Origin of fermion mass?

By decree, Weinberg & Salam add
interactions between fermions and scalars
that give rise to quark and lepton masses.

Highly economical, but is it true?

�e

�
(eL�)eR + eR(�†eL)

⇥
� me = �ev/

�
2

picked to give right mass, not predicted
fermion mass implies physics beyond standard model
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Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near m! ! =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H ! W W (") ! e!µ! channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp ! Z/! (") ! "") with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W ! events in which the photon undergoes a con-
version. Boson pair production (W ! "/W Z (") and Z Z (")) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H ! W W (") ! e#µ# search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H ! W W (") ! e#µ# search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H ! Z Z (") ! 4" analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the "#"# final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced e!ciency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |$| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %&min, where %&min is min(%&, '

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %& is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number
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Fig. 2. The local p-value as a function of mH in the ! ! decay mode for the com-
bined 7 and 8 TeV data sets. The additional lines show the values for the two data
sets taken individually. The dashed line shows the expected local p-value for the
combined data sets, should a SM Higgs boson exist with mass mH.

presence of a significant excess at mH = 125 GeV in both the 7 and
8 TeV data. The features of the observed limit are confirmed by the
independent sideband-background-model and cross-check analy-
ses. The local p-value is shown as a function of mH in Fig. 2 for
the 7 and 8 TeV data, and for their combination. The expected (ob-
served) local p-value for a SM Higgs boson of mass 125 GeV corre-
sponds to 2.8(4.1)" . In the sideband-background-model and cross-
check analyses, the observed local p-values for mH = 125 GeV cor-
respond to 4.6 and 3.7" , respectively. The best-fit signal strength
for a SM Higgs boson mass hypothesis of 125 GeV is " /"SM =
1.6 ± 0.4.

In order to illustrate, in the m! ! distribution, the significance
given by the statistical methods, it is necessary to take into ac-
count the large differences in the expected signal-to-background
ratios of the event categories shown in Table 2. The events are
weighted according to the category in which they fall. A weight
proportional to S/(S + B) is used, as suggested in Ref. [121], where
S and B are the number of signal and background events, respec-
tively, calculated from the simultaneous signal-plus-background fit
to all categories (with varying overall signal strength) and inte-
grating over a 2"eff wide window, in each category, centred on
125 GeV. Fig. 3 shows the data, the signal model, and the back-
ground model, all weighted. The weights are normalised such that
the integral of the weighted signal model matches the number of
signal events given by the best fit. The unweighted distribution,
using the same binning but in a more restricted mass range, is
shown as an inset. The excess at 125 GeV is evident in both the
weighted and unweighted distributions.

5.2. H ! ZZ

In the H ! ZZ ! 4# decay mode a search is made for a narrow
four-lepton mass peak in the presence of a small continuum back-
ground. Early detailed studies outlined the promise of this mode
over a wide range of Higgs boson masses [122]. Only the search
in the range 110–160 GeV is reported here. Since there are dif-
ferences in the reducible background rates and mass resolutions
between the subchannels 4e, 4µ, and 2e2µ, they are analysed sep-
arately. The background sources include an irreducible four-lepton
contribution from direct ZZ production via qq and gluon–gluon
processes. Reducible contributions arise from Z+bb and tt̄ produc-
tion where the final states contain two isolated leptons and two
b-quark jets producing secondary leptons. Additional background

Fig. 3. The diphoton invariant mass distribution with each event weighted by the
S/(S + B) value of its category. The lines represent the fitted background and signal,
and the coloured bands represent the ±1 and ±2 standard deviation uncertainties
in the background estimate. The inset shows the central part of the unweighted
invariant mass distribution. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this Letter.)

arises from Z + jets and WZ + jets events where jets are misidenti-
fied as leptons. Compared to the analysis reported in Ref. [25], the
present analysis employs improved muon reconstruction, improved
lepton identification and isolation, and a kinematic discriminant
exploiting the decay kinematics expected for the signal events. An
algorithm to recover final-state radiation (FSR) photons has also
been deployed.

Electrons are required to have pT > 7 GeV and |$| < 2.5.
The corresponding requirements for muons are pT > 5 GeV and
|$| < 2.4. Electrons are selected using a multivariate identifier
trained using a sample of W + jets events, and the working point
is optimized using Z + jets events. Both muons and electrons are
required to be isolated. The combined reconstruction and selection
e!ciency is measured using electrons and muons in Z boson de-
cays. Muon reconstruction and identification e!ciency for muons
with pT < 15 GeV is measured using J/% decays.

The electron or muon pairs from Z boson decays are required to
originate from the same primary vertex. This is ensured by requir-
ing that the significance of the impact parameter with respect to
the event vertex satisfy |S IP| < 4 for each lepton, where S IP = I/"I ,
I is the three-dimensional lepton impact parameter at the point of
closest approach to the vertex, and "I its uncertainty.

Final-state radiation from the leptons is recovered and included
in the computation of the lepton-pair invariant mass. The FSR re-
covery is tuned using simulated samples of ZZ ! 4# and tested
on data samples of Z boson decays to electrons and muons. Pho-
tons reconstructed within |$| < 2.4 are considered as possibly due
to FSR. The photons must satisfy the following requirements. They
must be within &R < 0.07 of a muon and have p!

T > 2 GeV (most
photon showers within this distance of an electron having already
been automatically clustered with the electron shower); or if their
distance from a lepton is in the range 0.07 < &R < 0.5, they must
satisfy p!

T > 4 GeV, and be isolated within &R = 0.3. Such photon
candidates are combined with the lepton if the resulting three-
body invariant mass is less than 100 GeV and closer to the Z boson
mass than the mass before the addition of the photon.

The event selection requires two pairs of same-flavour, oppo-
sitely charged leptons. The pair with invariant mass closest to the
Z boson mass is required to have a mass in the range 40–120 GeV

Summer 2012 Discovery Evidence …



10

14 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

Table 7
Characterisation of the excess in the H ! Z Z (") ! 4!, H ! " " and H ! W W (") ! !#!# channels and the combination of all channels listed in Table 6. The mass value
mmax for which the local significance is maximum, the maximum observed local significance Zl and the expected local significance E(Zl) in the presence of a SM Higgs
boson signal at mmax are given. The best fit value of the signal strength parameter µ̂ at mH = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined

#
s = 7 TeV and

#
s = 8 TeV data.

Search channel Dataset mmax [GeV] Zl [$ ] E(Zl) [$ ] µ̂(mH = 126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]

H ! Z Z (") ! 4! 7 TeV 125.0 2.5 1.6 1.4 ± 1.1
8 TeV 125.5 2.6 2.1 1.1 ± 0.8
7 & 8 TeV 125.0 3.6 2.7 1.2 ± 0.6 124–164, 176–500 131–162, 170–460

H ! " " 7 TeV 126.0 3.4 1.6 2.2 ± 0.7
8 TeV 127.0 3.2 1.9 1.5 ± 0.6
7 & 8 TeV 126.5 4.5 2.5 1.8 ± 0.5 110–140 112–123, 132–143

H ! W W (") ! !#!# 7 TeV 135.0 1.1 3.4 0.5 ± 0.6
8 TeV 120.0 3.3 1.0 1.9 ± 0.7
7 & 8 TeV 125.0 2.8 2.3 1.3 ± 0.5 124–233 137–261

Combined 7 TeV 126.5 3.6 3.2 1.2 ± 0.4
8 TeV 126.5 4.9 3.8 1.5 ± 0.4

7 & 8 TeV 126.5 6.0 4.9 1.4 ± 0.3
110–582 111–122, 131–559
113–532 (*) 113–114, 117–121, 132–527 (*)

uncertainties, evaluated as described in Ref. [138], reduces the lo-
cal significance to 5.9$ .

The global significance of a local 5.9$ excess anywhere in the
mass range 110–600 GeV is estimated to be approximately 5.1$ ,
increasing to 5.3 $ in the range 110–150 GeV, which is approxi-
mately the mass range not excluded at the 99% CL by the LHC com-
bined SM Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measurements [12].

9.3. Characterising the excess

The mass of the observed new particle is estimated using the
profile likelihood ratio %(mH ) for H ! Z Z (") ! 4! and H ! " " ,
the two channels with the highest mass resolution. The signal
strength is allowed to vary independently in the two channels,
although the result is essentially unchanged when restricted to
the SM hypothesis µ = 1. The leading sources of systematic un-
certainty come from the electron and photon energy scales and
resolutions. The resulting estimate for the mass of the observed
particle is 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as a function
of mH . The observed excess corresponds to µ̂ = 1.4 ± 0.3 for mH =
126 GeV, which is consistent with the SM Higgs boson hypothesis
µ = 1. A summary of the individual and combined best-fit values
of the strength parameter for a SM Higgs boson mass hypothesis
of 126 GeV is shown in Fig. 10, while more information about the
three main channels is provided in Table 7.

In order to test which values of the strength and mass of a
signal hypothesis are simultaneously consistent with the data, the
profile likelihood ratio %(µ,mH ) is used. In the presence of a
strong signal, it will produce closed contours around the best-fit
point (µ̂,m̂H ), while in the absence of a signal the contours will
be upper limits on µ for all values of mH .

Asymptotically, the test statistic $2 ln %(µ,mH ) is distributed as
a &2 distribution with two degrees of freedom. The resulting 68%
and 95% CL contours for the H ! " " and H ! W W (") ! !#!#
channels are shown in Fig. 11, where the asymptotic approxima-
tions have been validated with ensembles of pseudo-experiments.
Similar contours for the H ! Z Z (") ! 4! channel are also shown
in Fig. 11, although they are only approximate confidence intervals
due to the smaller number of candidates in this channel. These
contours in the (µ,mH ) plane take into account uncertainties in
the energy scale and resolution.

The probability for a single Higgs boson-like particle to pro-
duce resonant mass peaks in the H ! Z Z (") ! 4! and H ! " "

Fig. 10. Measurements of the signal strength parameter µ for mH = 126 GeV for the
individual channels and their combination.

Fig. 11. Confidence intervals in the (µ,mH ) plane for the H ! Z Z (") ! 4!, H !
" " , and H ! W W (") ! !#!# channels, including all systematic uncertainties.
The markers indicate the maximum likelihood estimates (µ̂,m̂H ) in the corre-
sponding channels (the maximum likelihood estimates for H ! Z Z (") ! 4! and
H ! W W (") ! !#!# coincide).

channels separated by more than the observed mass difference, al-
lowing the signal strengths to vary independently, is about 8%.

The contributions from the different production modes in the
H ! " " channel have been studied in order to assess any ten-
sion between the data and the ratios of the production cross

42 CMS Collaboration / Physics Letters B 716 (2012) 30–61

Fig. 17. The 68% CL contours for the signal strength ! /!SM versus the boson mass
mX for the untagged " " , " " with VBF-like dijet, 4#, and their combination. The
symbol ! /!SM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. In this combination, the relative signal
strengths for the three decay modes are constrained by the expectations for the SM
Higgs boson.

7.2. Mass of the observed boson

The mass mX of the observed boson is determined using the
" " and ZZ decay modes, with the former dominating the preci-
sion of the measurement. The calibration of the energy scale in the
" " decay mode is achieved with reference to the known Z boson
mass, as described in Section 5.1. There are two main sources of
systematic uncertainty: (i) imperfect simulation of the differences
between electrons and photons and (ii) the need to extrapolate
from mZ to mX ! 125 GeV. The systematic uncertainties are evalu-
ated by making comparisons between data and simulated samples
of Z " ee and H " " " (mH = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated
between all the " " event categories in the 7 and 8 TeV data. For
the ZZ " 4# decay mode the energy scale (for electrons) and mo-
mentum scale (for muons) are calibrated using the leptonic decays
of the Z boson, with an assigned uncertainty of 0.4%.

Fig. 17 shows the two-dimensional 68% CL regions for the signal
strength ! /!SM versus mX for the three channels (untagged " " ,
dijet-tagged " " , and ZZ " 4#). The combined 68% CL contour
shown in Fig. 17 assumes that the relative event yields among the
three channels are those expected from the standard model, while
the overall signal strength is a free parameter.

To extract the value of mX in a model-independent way, the
signal yields of the three channels are allowed to vary indepen-
dently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to
a particle with a unique mass mX. The combined best-fit mass is
mX = 125.3 ± 0.4(stat.) ± 0.5(syst.) GeV.

7.3. Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the
SM Higgs boson is provided by examination of the best-fit value
for the common signal strength ! /!SM, obtained in a combination
of all search channels. Fig. 18 shows a scan of the overall ! /!SM
obtained in the combination of all channels versus a hypothesised
Higgs boson mass mH. The band corresponds to the ±1! uncer-
tainty (statistical and systematic). The excesses seen in the 7 TeV
and 8 TeV data, and in their combination, around 125 GeV are

Fig. 18. The observed best-fit signal strength ! /!SM as a function of the SM Higgs
boson mass in the range 110–145 GeV for the combined 7 and 8 TeV data sets. The
symbol ! /!SM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The band corresponds to the ±1 standard
deviation uncertainty in ! /!SM.

Fig. 19. Values of ! /!SM for the combination (solid vertical line) and for individual
decay modes (points). The vertical band shows the overall ! /!SM value 0.87± 0.23.
The symbol ! /!SM denotes the production cross section times the relevant branch-
ing fractions, relative to the SM expectation. The horizontal bars indicate the ±1
standard deviation uncertainties in the ! /!SM values for individual modes; they
include both statistical and systematic uncertainties.

consistent with unity within the ±1! uncertainties. The observed
! /!SM value for an excess at 125.5 GeV in a combination of all
data is 0.87±0.23. The different decay channels and data sets have
been examined for self-consistency. Fig. 19 shows the measured
values of ! /!SM results obtained for the different decay modes.
These results are consistent, within uncertainties, with the expec-
tations for the SM Higgs boson.

8. Conclusions

Results are presented from searches for the standard model
Higgs boson in proton–proton collisions at

#
s = 7 and 8 TeV in

the CMS experiment at the LHC, using data samples correspond-
ing to integrated luminosities of up to 5.1 fb$1 at 7 TeV and
5.3 fb$1 at 8 TeV. The search is performed in five decay modes:
" " , ZZ, W+W$ , $+$$ , and bb. An excess of events is observed
above the expected background, with a local significance of 5.0! ,
at a mass near 125 GeV, signalling the production of a new par-

Known before today …
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LHC affords multiple looks at the new boson

3 production mechanisms, ≥ 5 decay channels

γ γ, ZZ*, WW*, b pairs, τ+τ–
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ΓH ≈ 4.2 MeV
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Fully accounts for EWSB (W, Z couplings)?
Couples to fermions?
Top from production,

need direct observation for b, τ
Accounts for fermion masses?
Fermion couplings ∝ masses?

Are there others?
Quantum numbers?

SM branching fractions to gauge bosons?
Decays to new particles?

All production modes as expected?
Implications of MH ≈ 126 GeV?

Any sign of new strong dynamics?



Distinguishing SM, bosogamous Higgs bosons
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Fully accounts for EWSB (W, Z couplings)?
Couples to fermions?
Top from production,

need direct observation for b, τ
Accounts for fermion masses?
Fermion couplings ∝ masses?

Are there others?
Quantum numbers?

SM branching fractions to gauge bosons?
Decays to new particles?

All production modes as expected?
Implications of MH ≈ 126 GeV?

Any sign of new strong dynamics?



s-channel formation?
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s-channel formation?
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s-channel formation?
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Higgsstrahlung
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Photon–Photon Collisions

Text

↳ γγ Collider
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Important measurements at any moment 
depend on what is already known

SM-like or very nonstandard

Discovery of another “Higgs-like object”

Direct evidence for or against new degrees of freedom
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Examples of non-standard behavior

Spin ≠ 0

deviant γγ branching fraction 

H

fi

!!

H

W

!!

↳ New particles in loops (not too heavy)
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Examples of non-standard behavior
Suppression of  WW, ZZ modes

Acid test for low-scale technicolor:
Higgs impostor, ηT(126 GeV)

+ higher mass (180 GeV?) companion

Eichten, Lane, Martin arXiv:1210.5462

Not a favorable scenario for a Higgs factory!
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Examples of non-standard behavior
“Higgs” is not a simple Breit-Wigner,
or does not account for all of EWSB

Premium on measuring ΓH

(perhaps 1 GeV),
seeking remaining contribution,

scanning spectral density

van der Bij, arXiv:1204.3435
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error
bars) 1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and
250 fb�1 (‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a
program with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal
band represents a 5% deviation from the Standard Model prediction for the coupling.
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An early attempt at a shopper’s guide
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Requirements for a shopper’s guide

 Clearly stated assumptions

 Documented uncertainty estimates

Rich list of observables, including
Γ(µµ), MH, ΔMH, ΔΓH, …

Rich list of possible machines

 A time dimension (linear scale)



Specifying Physics Program & Requirements

Inspired by 

CTA
Physics case:

Driver
Sensitivity Angular

Resolution
Energy

Resolution
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HF
Physics case:

Driver

Integrated
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Polarization Energy
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Energy
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A. Kotwal

Top quark, W, and the Higgs boson

1

Collateral Measurements: MW, mt?

Will it be important to improve on Tevatron + LHC?
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We will learn from other quarters …



32

As you elaborate machine concepts …
Important not to narrow the physics vision

by pretending we know the answer

Couplings

Distributions

Mass / width

Searches in the Higgs sector

Searches beyond the Higgs sector

Other parameters: MW, mt

Back to Z0?
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