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Abstract

Combined results are presented from searches for the standard model (SM) Higgs
boson in proton-proton collisions at /s = 7 and 8 TeV in five decay modes: 7, bb,
7T, WW, and ZZ. The analysed data correspond to integrated luminosities of up to
5.1 fb~! at 7 TeV and 5.3 fb~! at 8 TeV. The data exclude the existence of a SM Higgs
boson in the ranges 110-122.5 and 127-600 GeV at 95% confidence level. An excess
of events above the expected SM background is observed with a local significance
of 4.9¢ around 125 GeV, which we attribute to the production of a previously unob-
served particle. The evidence is strongest in the two final states with the best mass
resolution: the two-photon final state and the final state with two pairs of charged
leptons (electrons or muons). The combined excess in these channels alone gives a
local significance of 5.00. An unconstrained fit to the excesses in these two final states
yields a mass of 125.3 £+ 0.4 (stat) £ 0.5 (syst) GeV. Within the statistical uncertain-
ties, the results obtained in all search channels are consistent with the expectations for
a SM Higgs boson. More data are needed to test whether the properties of this new
state are indeed those of the SM Higgs boson or whether some differ, implying new
physics beyond the standard model.
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1 Introduction

The discovery of the mechanism for electroweak symmetry breaking is one of the goals of the
physics programme at the Large Hadron Collider (LHC). In the standard model (SM) [1-3], this
symmetry breaking is achieved by introducing a complex scalar doublet, leading to the predic-
tion of the Higgs boson (H) [4-9]. Precision electroweak measurements indirectly constrain the
SM Higgs boson mass my; to be less than 152 GeV [10]. To date, direct experimental searches for
this particle have restricted the allowed mass range to 116.6-119.4 GeV and 122.1-127.5 GeV at
95% CL [11-17].

We have previously reported the observation of an excess of events above the expected SM
background in the mass region near 125 GeV [CMScombFeb2012, CMScombMar2012]. We
also stated that more data are required to ascertain the origin of the observed excess. In this
note, we report on the combination of the results from the searches for the Higgs boson car-
ried out in proton-proton collisions at /s = 7 and 8 TeV using the Compact Muon Solenoid
(CMS) detector [18] at the LHC. The analysed data recorded in 7 TeV collisions (2010-2011 run)
and 8 TeV collisions (2012 run) correspond to an integrated luminosity of 4.9-5.1fb™! and 5.1-
5.3 fb!, respectively. The integrated luminosity ranges reflect the small differences in the
amount of data used by the different search channels. The search is performed for Higgs bo-
son masses in the range 110-600 GeV (finding a significant excess above 130 GeV would imply
a signal not compatible with the SM Higgs boson that is already excluded in the mass range
130-600 GeV [16, 17]).

The CMS apparatus consists of a barrel assembly and two endcaps, comprising, in successive
layers outwards from the collision region, the silicon pixel and strip tracker, the lead tungstate
crystal electromagnetic calorimeter, the brass/scintillator hadron calorimeter, the supercon-
ducting solenoid, and gas-ionization chambers embedded in the steel return yoke for the de-
tection of muons.

Early phenomenological work on Higgs boson production and decay can be found in Refs. [19-
25]. There are four main mechanisms for Higgs boson production in pp collisions at /s =
7 — 8TeV. The gluon-gluon fusion mechanism has the largest cross section, followed in turn by
vector boson fusion (VBF), associated WH and ZH production, and production in association
with top quarks, ttH. The cross sections for the Higgs boson production mechanisms and the
decay branching fractions, together with their uncertainties, are taken from Refs. [26-28] and
are derived from Refs. [29-72]. The total cross section at /s =7 (8) TeV varies from 23 (29) to
0.4 (0.6) pb in the explored Higgs boson mass range of 110-600 GeV.

The relevant decay modes of the SM Higgs boson depend strongly on its mass my;. The results
presented here are based on the following five decay modes: H — vy, H — 17, followed
by leptonic and hadronic decays of t-leptons, H — bb, H — WW, followed by WW — {vlv
and fvqq decays, and H — ZZ, followed by ZZ decays to 4/, 2(2v, 2¢2q, and 2¢27. Here and
throughout, ¢ stands for electrons or muons and q for quarks. For simplicity, H — 777~ is
denoted as H — 71, H — bb as H — bb, etc. The WW and ZZ decay modes are used over the
entire explored mass range. The 7y, 7T, and bb decay modes are used only for my < 150 GeV
since their expected sensitivities are not significant compared to WW and ZZ for higher Higgs
boson masses.

For a given hypothesis for the Higgs boson mass, the sensitivity of the search depends on
the production cross section of the Higgs boson, its decay branching fraction into the chosen
final state, the signal selection efficiency, the mass resolution, and the level of standard model
backgrounds in the same or a similar final state. For low values of the Higgs boson mass, the
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H — yyand H — ZZ — 4/ channels play a special role due to the excellent mass resolution
for the reconstructed diphoton and four-lepton final states, respectively. The H - WW — fvlv
channel provides high sensitivity but has relatively poor mass resolution due to the presence of
neutrinos in the final state. The sensitivity in the bb and 77 decay modes is reduced due to the
presence of large background and a poor mass resolution. In the high mass range, the search
sensitivity is dominated by the WW and ZZ modes.

Most analyses used in this combination have been re-optimized in order to incorporate im-
provements in event reconstruction and event selection, and to mitigate the effects due to
higher intensity running of the LHC in 2012. All selection criteria in the analyses of the 2011
and 2012 data were fixed before looking at the result in the signal region.

2 Search channels

The results presented in this note are obtained by combining the results from the searches for
the Higgs boson exploiting different production and decay modes. A summary of all analyses
used in the combination is presented in Table 1 where we list their main characteristics, namely:
exclusive final states, the mass range of the search, the integrated luminosity used, and the
approximate instrumental mass resolution. The presence of a signal or an upward fluctuation
of the background in one of the channels, at a certain value of the Higgs boson mass, is expected
to manifest itself as an excess extending around that value for a range corresponding to the my
resolution.

Table 2 shows modes used in the searches in the not-yet-excluded range of Higgs boson masses
(115 < my < 130GeV). The search modes are grouped in this table by the production and de-
cay modes specifically targeted by the corresponding analyses. The naming convention reflects
the signature targeted. None of these signatures is 100% pure.

As an illustration of the search sensitivity of the different channels, Fig. 1 shows the median
expected 95% CL upper limit on the ratio of the signal cross section, ¢, and the predicted SM
Higgs boson cross section, ogppy, as a function of the SM Higgs boson mass hypothesis. A
channel showing values below unity (red horizontal line) would be expected to be able to
exclude a Higgs boson of that mass at 95% CL. Fig. 2 shows the expected sensitivities for the
observation of the SM Higgs boson in terms of p-values and significances. The methods used
for deriving limits and p-values are described in Section 3.

21 H — vqy

The H — <y analysis [73] is focused on a search for a narrow peak in the diphoton mass distri-
bution. The event sample is split into two mutually exclusive sets: (i) diphoton events with one
forward and one backward jet, consistent with the VBF topology, and (ii) all remaining events.
This division is motivated by the consideration that there is a better signal-to-background ratio
in the first set compared to the second. For the 8 TeV data, the dijet set of events is split into two
classes: events with low and high dijet mass m;. The non-dijet set, containing over 99% of the
data, is subdivided into four classes based on the output of a multivariate discriminant that as-
signs a high score to signal-like events, based on (i) an event-by-event estimate of the diphoton
mass resolution, (ii) a photon identification score for each photon, and (iii) kinematic informa-
tion about the photons and the diphoton system. The photon identification score is obtained
from a multivariate analysis (MVA) discriminant that uses shower shape information and iso-
lation variables to separate prompt photons from those arising from jets. The background in
the signal region is estimated from a fit to the observed diphoton mass distribution in data.
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22 H — bb

The H — bb search [74] concentrates on Higgs boson production in association with a W or Z
boson, in which the focus is on the following decay modes: W — ev/uv and Z — ee/up/vv.
The Z — vv decay is identified by requiring large missing transverse energy ET%, defined as
the modulus of the vector EIT‘“SS computed as the negative of the vector sum of the transverse
momenta of all reconstructed objects in the detector (leptons, photons, and charged/neutral
hadrons) which are not found to arise from additional interactions. The Higgs boson candi-
date is reconstructed by requiring two b-tagged jets [88] and the search is divided into events
where the vector bosons have medium or large transverse momentum and recoil away from
the candidate Higgs boson. Events with higher transverse momentum bosons have smaller
backgrounds and a better dijet mass resolution. A multivariate analysis technique, trained on
simulated signal and background events for several different values of the Higgs boson mass,
is used to separate signal and background events. The rates of the main backgrounds, con-
sisting of W/Z + jets and top-quark events, are derived from signal-depleted control samples
in data. The WZ and ZZ backgrounds with a Z boson decaying to a pair of b-quarks, as well
as the single-top background, are estimated from simulation. The MVA output distribution is
used as the final discriminant in the limit setting.

The search for H — bb is also performed using events where the Higgs boson is produced
in association with a top-quark pair [75]. This analysis uses events where the top-quark pair
decays to either the lepton-plus-jets (tf — ¢vjjbb) or dilepton (tf — (v{vbb) final state. The
major background in this search is top-pair production accompanied by extra jets. We use
artificial neural networks to discriminate between background and signal events. The rates of
background processes are estimated from theoretical expectations, and are further constrained
in-situ through the inclusion of background enriched samples in the extraction of the final limit.

23 H— 17T

The H — 77 search [76] is performed using the final-state signatures ey, yup, et,, pt,, where
electrons and muons arise from leptonic T-decays and 7, denotes hadronic T-decays. Each of
these categories is further divided into three exclusive sub-categories based on the number and
the type of the jets in the event: (i) events with one forward and one backward jet, consistent
with the VBF topology, (ii) events with just one jet, and (iii) events with either no jets or with
one jet with a small Et. The last two categories are further divided by the transverse momen-
tum of the visible tau decay. In each of these categories, we search for a broad excess in the
reconstructed TT mass distribution. The main irreducible background, Z — 77 production,
and the largest reducible backgrounds (W + jets, multijet production, Z — ee) are evaluated
from various control samples in data.

The search for H — 77 decays produced in association with a W or Z boson is conducted in
events with three or four leptons in the final state [77, 78]. The WH analysis selects events
which have two like-signed electrons or muons and a hadronically-decaying tau: e*e* 7,” and
ptut T, . The ZH analysis is performed in events with an identified Z — ee or Z — up decay
and a Higgs boson candidate with one of the following final states: ey, et;,, 1y, or 7, 7;. The
main irreducible backgrounds to the WH and ZH searches are WZ and ZZ diboson events,
respectively. The irreducible backgrounds are estimated using simulation, corrected by control
samples in data. The reducible backgrounds in both analyses are W, Z, and tt events with at
least one quark or gluon jet misidentified as an isolated e, i, or 7;,. These backgrounds are
estimated solely from data by measuring the probability for jets to be misidentified as isolated
leptons in background-enriched control regions, and weighting the selected events which fail



4 2 Search channels

the lepton requirements by the misidentification probability.

24 H—> WW

The H — WW®) — 2/2v analysis [81, 82] searches for an excess of events with two leptons
of opposite charge, large EXS, and up to two jets. Events are divided into six categories,
with different background compositions and signal-to-background ratios. For events with no
jets, the main background stems from non-resonant WW production; for events with one jet,
the dominant backgrounds are from WW and top-quark production. The events are split into
same-flavour and different-flavour dilepton sub-channels, since the background from Drell-
Yan production is much larger for the same-flavour dilepton events. The two-jet category is
optimized to take advantage of the VBF Higgs boson production signature. The main back-
ground in this channel is from top-quark production. In the 7 TeV analysis, the same-flavour
and different-flavour categories with 2 jets are merged into one. To improve the separation
of signal from backgrounds in the 7 TeV analysis, MVA classifiers are trained for a number of
Higgs boson masses, and a search is made for an excess of events in the output distributions
of the classifiers. The current 8 TeV analysis does not yet use the MVA-based discrimination.
All background rates, except for very small contributions from WZ, ZZ, and W+, are evaluated
from data.

The H — WW — /v2g analysis [79, 80] searches for an excess of events with one lepton (e
or u), EMss and two or three jets. Events are divided into four categories: (e or #)®(2 or 3
jets). In all cases, the dominant background is W + jets. Because of the limited MC statistics for
this background, a data-driven method is employed that models W +- jets in the signal region
from the dijet invariant mass sidebands. Smaller backgrounds include tt, single top, diboson
production (irreducible), and Z + jets, which are modeled from MC, and multijet production
(electron channels only) which is estimated from data. Because only one neutrino is produced
in this channel, both W bosons can be fully reconstructed, and a four-body mass peak for WW
and WZ can be seen. A kinematic fit in which the lepton-missing-transverse-energy system
is constrained to the on-shell W mass is performed to improve the resolution and reduce the
background. To improve further the separation of signal from backgrounds, MVA classifiers
that include the Higgs boson decay angles, the four-body rapidity and the pr are built sepa-
rately for each simulated Higgs mass point, for each of the four channels. Events passing an
optimized cut on the MVA output are retained and a search is made for an excess of events in
the four-body invariant mass distributions.

The WH — WWW — 3/3v analysis [83] searches for an excess of events with three leptons,
electrons or muons, large missing transverse energy, and low hadronic activity. The domi-
nant background is from WZ — 3/v production, which is largely reduced by requiring that all
same-flavour oppositely charged lepton pairs have a dilepton mass away from m . In addition,
oppositely charged leptons are required not to be back-to-back. The background processes with
jets misidentified as leptons, e.g. Z + jets and top, as well as the WZ — 3/v background are es-
timated from data. The small contribution from the ZZ — 4¢ process with one unreconstructed
lepton is estimated using simulated samples.

The search for H - WW — 2/2v events produced in association with a W or Z boson decaying
to two jets [84] is performed by selecting events with two oppositely charged leptons, large
missing transverse energy and two jets with an invariant mass around the W/Z pole. The main
backgrounds that contaminate the signal region are top-quark and Z + jets production and are
normalised with data-based techniques, as well as contributions from W + jets and multijet
processes, where one or more jets are misidentified as leptons. The WW + jets production is
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estimated with simulated events.

25 H—ZZ

Inthe H — ZZ(*) — 4/ channel [85], we search for a four-lepton mass peak over a small contin-
uum background. To further separate signal and background, we use a discriminant calculated
for each event as the ratio of the probabilities for signal and background to form an event with
the observed kinematics (the masses of the dilepton pairs and the five angles fully defining
a four-lepton configuration in their center-of-mass frame). The 4e, 4y and 2e2u sub-channels
are analysed separately since there are differences in the four-lepton mass resolutions and the
background rates arising from jets misidentified as leptons. The dominant irreducible back-
ground in this channel is from non-resonant ZZ production with both Z bosons decaying to
either 2e, 21, or 27 (with the taus decaying leptonically) and is estimated from simulation. The
smaller reducible backgrounds with jets misidentified as leptons, e.g. Z + jets, are estimated
from data.

Inthe H — ZZ — 2/02v search [87], we select events with a lepton pair (ee or yu), with invariant
mass consistent with that of an on-shell Z boson, and large ErT“iss. We then define a transverse
invariant mass mr from the dilepton momenta and ETS, assuming that ET® arises from a
Z — vv decay. We search for a broad excess of events in the mt distribution. The non-resonant
727 and WZ backgrounds are taken from simulation, while all other backgrounds are evaluated
from control samples in data.

In the H — ZZ(*) — 2/2q search [86], we select events with two leptons (ee or up) and two
jets with zero, one, or two b-tags, thus defining a total of six exclusive final states. Requiring b-
tagging improves the signal-to-background ratio. The two jets are required to form an invariant
mass consistent with that of an on-shell Z boson. The aim is to search for a peak in the invariant
mass distribution of the dilepton-dijet system, with the background rate and shape estimated
using control regions in data.

In the H — ZZ — 2/271 search [85], one Z boson is required to be on-shell and to decay to a
lepton pair (ee or yupu). The other Z boson is required to decay through a 77 pair to one of the
four final-state signatures ey, ety, YT, ThTh. Thus, eight exclusive sub-channels are defined. We
search for a broad excess in the distribution of the dilepton-ditau mass, constructed from the
visible products of the tau decays, neglecting the effect of the accompanying neutrinos. The
dominant background is non-resonant ZZ production whose rate is estimated from simula-
tion. The main sub-leading backgrounds with jets misidentified as T leptons stem from Z +-jets
(including ZW) and top-quark events. These backgrounds are estimated from data.
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Table 1: Summary information on the analyses included in this combination. All final states are exclusive. Notations used are: (jj)vpr
stands for a dijet pair consistent with the VBF topology (VBF-tag); (jj)v — dijet pair with an invariant mass consistent with coming from a W
or Z dijet decay; V — W and Z bosons; SF dileptons — ee or pp pairs (same flavour); DF dileptons — ey pairs (different flavour). The column
“H prod” indicates which production mechanism is targeted by an analysis; it does not imply 100% purity (e.g. analyses targeting VBF are
expected to have 30%-50% of their signal events coming from gluon-gluon fusion). The main contribution in the untagged and inclusive
categories is always gluon-gluon fusion. When two references are given, they refer to the 7 TeV and 8 TeV analyses, respectively. When one
reference is given for an analysis using both 7 TeV and 8 TeV data, the 7 TeV data have been re-analysed with improved analysis strategies
and the new results may differ from the previously published results.

Analyses No. of my range My Lumi (fb~1) Ref
H decay | Hprod | Exclusive final states channels (GeV) resolution 7TeV 8TeV
untagged | 7 (4 diphoton classes) 4 110-150 1-2% 5.1 5.3 [73]
r VBF-tag | 77 + (jj)vae (low or high mj; for 8 TeV) lor2 110-150 1-2% 51 53 [73]
VH-tag | (vv, ee, up, ev, pv with 2 b-jets)® (low or high p¥) 10 110-135 10% 5.0 5.1 [74]
bb : (¢ with 4,5,>6 jets) ® (3,>4 b-tags); . )
ttH-tag (¢ with 6 jets with 2 b-tags); (¢4 with 2 or >3 D-tagged jets) ? 110-140 50 [75]
P (e, ptn, e, pp) X _ 0
0719615 | (1w or high P (O or 1 jets) 16 110-145 20% 49 51 [76]
H o 1 VBE-tag | (ew,, uty, ey, uu) + (jj)ver 4 110-145 20% 4.9 5.1 [76]
ZH-tag | (ee, up) x (4,1, €Ty, T, €4) 8 110-160 5.0 - [77]
WH-tag | T,ee, i,up, mep 3 110-140 4.9 - [78]
WW — lvgq | untagged | (ev, uv)®((jj)w with 0 or 1 jets) 4 170-600 5.0 51 [79,80]
WW — lvlv | 0/14ets | (DF or SF dileptons) ® (0 or 1 jets) 4 110-600 20% 49 51  [81,82]
WW — (vlv | VBF-tag | {vlv + (jj)vpr (DF or SF dileptons for 8 TeV) lor2 110-600 20% 49 51 [81,82]
WW — fvlv | WH-tag | 303v 1 110-200 49 - [83]
WW — ¢vlv | VH-tag | ¢vlv+ (jj)y (DF or SF dileptons) 2 118-190 4.9 - [84]
77 — 4L inclusive | 4e, 4y, 2e2u 3 110-600 1-2% 5.0 53 [85]
ZZ — 202t | inclusive | (ee, up) x (T, €Ty, T, €}) 8 200-600 10-15% 5.0 5.3 [85]
ZZ — 202q inclusive | (ee, up)*x((jj)z with 0, 1, 2 b-tags) 6 A WWMHMMM 3% 49 - [86]
ZZ — 202v | untagged | ((ee, up) with MET) ® (0 or 1 or 2 non-VBF jets) 6 200-600 7% 4.9 5.1 [87]
ZZ —202v | VBF-tag | (ee, up) with MET and (jj)vsr 2 200-600 7% 49 51 [87]




25 H—=ZzZ 7

Table 2: Summary of production mechanisms and decay channels explicitly targeted in the
searches for a low mass Higgs boson (my < 135GeV). Untagged searches include gluon-gluon
fusion g¢ — H plus any phase space not covered by searches with explicit tags for enriching
datasets with events from VBF, VH, and ttH production. V stands for W or Z. All analyses
targeting a particular production mechanism are never 100% pure and have an admixture,
sometimes very substantial, of other production mechanisms.

] | untagged | VBF-tag | VH-tag | ttH-tag |

H— vy v v

H— bb v v
H— 17 v v v

H— WW v v v
H—ZZ v
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3 Combination methodology

The combination of the Higgs boson searches requires simultaneous analysis of the data se-
lected by all individual analyses, accounting for all statistical and systematic uncertainties and
their correlations. The overall statistical methodology used in this combination was developed
by the ATLAS and CMS Collaborations in the context of the LHC Higgs Combination Group.
The description of the general methodology can be found in Refs. [14, 89]. Below we give
concise definitions of statistical quantities we use for characterizing the outcome of the search.
Results presented in this note are obtained using asymptotic formulae [90], including a few
updates recently introduced in the RooStats package [91].

3.1 Characterising the absence of a signal: limits

For calculations of exclusion limits, we adopt the modified frequentist criterion CLs [92, 93].
The chosen test statistic g, used to determine how signal- or background-like the data are, is
based on the profile likelihood ratio. Systematic uncertainties are incorporated in the analysis
via nuisance parameters and are treated according to the frequentist paradigm. The profile
likelihood ratio is defined as

L(obs|pu-s+b,8,)

= —2In -
I L(obs|fi-s+7D,0)

@™

where s stands for the signal expected under the SM Higgs hypothesis, y is a signal strength
modifier introduced to accommodate deviations from SM Higgs predictions, b stands for back-
grounds, and 6 are nuisance parameters describing systematic uncertainties (éy maximizes the
likelihood in the numerator for a given y, while 1 and 8 define the point at which the likelihood
reaches its global maximum).

The ratio of probabilities to observe a value of the test statistic at least as large as the one ob-

served in data, q;jbs, under the signal+background (s+b) and background-only (b) hypotheses,

P(g, > g% |u-s+b
CL = (9 = 4; !is >§0€,
P(qu = g5 | D)

@)

is used as the criterion for excluding the signal at the 1 — « confidence level.

3.2 Characterising an excess of events: p-values and significance

To quantify the presence of an excess of events over what is expected for the background, we
use the test statistic where the likelihood appearing in the numerator is for the background-
only hypothesis:

ﬁ(ObS ’ b, é())

= —2In —, 3
0 L(obs|ft-s+b,0) ©)

The statistical significance Z of a signal-like excess is computed from the probability pg
po =P(q0 > 45" |b), )

henceforth referred to as the p-value, using the one-sided Gaussian tail convention.
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In the Higgs boson search, we scan over Higgs boson mass hypotheses and look for the one
giving the minimum local p-value pji",, which describes the probability of a background fluc-
tuation for that particular Higgs boson mass hypothesis. The probability to find a fluctuation
with a local p-value lower or equal to the observed pi%, anywhere in the explored mass range

local
is referred to as the global p-value, pgiobal

exp(—x?/2) dx. (5)

Po =

min

Pglobal = P(po < Plocal ‘ b)' (6)
The fact that the global p-value can be significantly larger than pil is often referred to as
the look-elsewhere effect (LEE). The global significance (and global p-value) of the observed
excess can be evaluated in this case by generating pseudo-datasets, which, however, becomes
too CPU-intensive and not practical for very small p-values. Therefore, we use the method
suggested in Ref. [94]. The relationship between global and local p-values is given by:

i —72 /2
Pglobal = Phoes + C - ¢~ Zioca/ @)

The constant C is found by generating a relatively small set of pseudo-data and then is used to
evaluate the global p-value corresponding to p%, observed in the experiment.

For a very wide mass range, the constant C can be evaluated directly from data [89] by counting
upcrossings Ny of fi(my) with the line 1 = 0 and setting C = Nyp.
3.3 Extracting signal model parameters

Signal model parameters a (signal strength modifier y can be one of them) are evaluated from
a scan of the profile likelihood ratio g(a):

L(obs|s(a)
L(obs |s(a)

2)

)
= 21 Ay
q(a) n )

_|_
n )
Parameters 4 and § that maximize the likelihood, L(obs|s(a) + b, 0) = Lumax, are called the
best-fit set. The 68% (95%) CL on a given parameter of interest 4; is evaluated from g(a;) =
1 (3.84) with all other unconstrained model parameters treated in the same way as the nuisance
parameters. The 2D 68% (95%) CL contours for pairs of parameters are derived from q(a;, a;) =
2.3 (6). One should keep in mind that boundaries of 2D confidence regions projected on either
parameter axis are not identical to the 1D confidence interval for that parameter.
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4 Search results

4.1 Exclusion limits on the SM Higgs boson

The CL; value for the SM Higgs boson hypothesis as a function of its mass is shown in Fig. 3.
The observed values are shown by the solid line. The dashed black line indicates the median
of the expected results for the background-only hypothesis, with the green (dark) and yellow
(light) bands indicating the ranges in which the CLs values are expected to reside in 68% and
95% of the experiments under the background-only hypothesis. The probabilities for an obser-
vation to lie above or below the 68% (95%) band are 16% (2.5%) each. The thick red horizontal
lines indicate CLs values of 0.10, 0.05, and 0.01. The mass regions where the observed CLg
values are below these lines are excluded with the corresponding (1 — CLs) confidence levels
of 90%, 95%, and 99%, respectively. We exclude a SM Higgs boson at 95% CL in two mass
ranges 110 — 122.5 GeV and 127- 600 GeV. At 99% CL, we exclude it in three mass ranges
110-112 GeV, 113-121.5 GeV, and 128-600 GeV.

Figure 4 shows the 95% CL upper limits on the signal strength modifier, p = o/osyn as a
function of my. The ordinate thus shows the Higgs boson cross section that is excluded at
95% CL, expressed as a multiple of the SM Higgs boson cross section.

The median expected exclusion range of myy at 95% CL in the absence of a signal is 110-600 GeV.
In most of the explored Higgs boson mass range, the differences between the observed and ex-
pected limits are consistent with statistical fluctuations since the observed limits are generally
within the green (68%) or yellow (95%) bands of the expected limit values. However at low
mass, in the range 122.5 < my < 127 GeV, we observe an excess of events which makes the
observed limits considerably weaker than expected in the absence of a SM Higgs boson and,
hence, does not allow exclusion.

4.2 Significance of the observed excess

To quantify the consistency of the observed excesses with the background-only hypothesis,
we show in Fig. 5 (left) a scan of the local p-value py in the low-mass region for 7 TeV, 8 TeV,
and the overall combination. Both 7 TeV and 8 TeV datasets exhibit excesses, 3.00 and 3.8,
respectively, for a Higgs boson mass around 125GeV. In the overall combination, this results
in a 4.90 excess, with a corresponding local p-value of pmin = 5.5 X 107.

Fig. 5 (right) gives p-values for sub-combinations by decay channel. The largest contributors
to the overall excess in the combination are the vy and ZZ — 4/ channels. They both have
very good mass resolution and allow for a good localization of the invariant mass of a putative
resonance that might be responsible for the excess. Their combined significance reaches 5.0c
(Fig. 6 (left)).

The WW channel has a comparable exclusion sensitivity to the vy and ZZ — 4/ channels, but
does not have a good mass resolution. Fig. 5 (right) shows that it has a modest excess with a
local significance of 1.5¢ for m~125GeV. When added to the vy and ZZ — 4/ channels, the
combined significance becomes 5.1¢ (Fig. 6 (right)).

The bb and 77 channels do not show any excess for mpy~125GeV. After including them in the
combination, the final significance becomes 4.9, as stated above.

Figure 7 shows the two separate combinations for the 7 and 8 TeV datasets in the low-mass
range. The overall channel-by-channel pattern of observed excesses in both datasets is consis-
tent.
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The LEE-corrected significance in a search range of 115-130 (110-145) GeV is evaluated by gen-
erating about 10000 pseudo-observations. After fitting for constant C in the relationship be-
tween global and minimum local p-values (Eq. (7)), we find that the global p-values in these
ranges remain very high: 4.50 (4.40). The global significance of the excess in the full search
mass range 110-600 GeV is estimated by counting the number of transitions from deficit to
excess over this range; it is also found to remain very high: 4.0c.

These tests confirm that the observed excess with a local significance of 4.90 cannot be ex-
plained by a statistical fluctuation in the data. Together with the compatibility of the observa-
tions in the 7 TeV and 8 TeV datasets, this leads us to believe that we observe a new state with
a mass near 125 GeV, manifesting itself in our analyses via its decays to two photons and four
leptons. For these two decay modes, individually, we observe a signal with significances of
4.1c in the 7y decay mode and 3.2¢ in the 4¢ decay mode.

4.3 Mass of the observed state

To measure the mass of the observed state, we use the ¢y and ZZ — 4/ channels that have
excellent mass resolution (Table 1) and for which we observe the excess with a high significance.
Figure 8 (left) shows 2D 68% confidence level regions for two parameters of interest, the signal
strength p and mass my for the three channels (untagged 7y, VBF-tagged v, and ZZ — 4/).
The three channels are consistent and thus can be combined. The combined 68% CL contour
shown with a black line in Fig. 8 (left) assumes that the relative event yields between the three
channels are fixed to the standard model expectation, while the overall signal strength is a free
parameter.

To extract the value of myx in a model-independent way, the untagged vy, VBF-tagged 7,
and ZZ — 4/ channels are treated independently, each with their own signal cross sections.
Technically, this is achieved by scaling the expected event yields in these channels by indepen-
dent factors y;, where i stands for untagged 7y, VBF-tagged 7, and ZZ — 4/(. The signal is
assumed to be due to a state with a unique mass my. The mass mx and its uncertainty are ex-
tracted from a scan of the combined test statistic q(myx) with signal strengths y; profiled in the
same way as for all other nuisance parameters. Figure 8 shows the test statistic scan as a func-
tion of the hypothesised mass myx for the three final states separately and their combination.
Scans of the test statistic with profiled and fixed nuisance parameters allow us to extract both
the total and statistical uncertainties on the mass. The quadrature difference gives the overall
systematic error. The combined best-fit mass is myx = 125.3 +0.4 (stat) £ 0.5 (syst) GeV.

4.4 Compatibility of the observed state with the SM Higgs boson hypothesis

The p-value characterises the probability of background producing an observed excess of events,
but it does not give information about the compatibility of an excess with an expected signal.
The current amount of data allows only for a limited number of such compatibility tests, which
we present in this subsection. These compatibility tests do not constitute measurements of any
physics parameters per se, but rather show the consistency of the various observations with
the expectations for the SM Higgs boson.

The best fit value for the common signal strength modifier i = ¢/ogyp, obtained in a com-
bination of all search channels, provides the first compatibility test. Figure 9 shows a scan of
the overall /i obtained in the combination of all channels versus the hypothesised Higgs boson
mass my. The band corresponds to the +10 uncertainty (statistical+systematic). The excesses
seen in the 7 TeV and 8 TeV data, and in their combination, around 125 GeV are consistent with
u = 1 within the £10 uncertainties. The observed i value for an excess around 125 GeV in the
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combination of all data is found to be 0.80 + 0.22.

Figures 10 and 11 show the consistency of the ji values obtained for the different sub-combinations.
Figure 10 shows the interplay of the 11 sub-combinations given in Table 2. Figure 11 presents
sub-combinations by decay mode and production mechanism. The plots show a satisfactory
level of compatibility between all the channels contributing to the combination and between
results obtained for the 7 and 8 TeV datasets. None of the sub-combinations depart from the
best-fit value of the overall signal strength modifier by a significant deviation with respect to
their current individual sensitivities.

Electroweak symmetry breaking via the Higgs mechanism sets a well-defined ratio for the
couplings of the Higgs boson to the W and Z bosons, gaww / gnzz, protected by the custodial
symmetry. The dominant production mechanism populating the inclusive pp — H — ZZ and
untagged pp — H — WW search channels is gg — H. Therefore the ratio of event yields in
these channels provides a natural test of the custodial symmetry. To quantify such consistency,
we introduce two event rate modifiers yzz and Ry,. The expected H — ZZ — 4/{ event
yield is scaled by pzz, while the expected untagged H — WW — (v/v event yield is scaled
by Ry - pzz. The mass of the observed state is fixed to the best-fit mass value of 125.3 GeV.
A scan of the test statistic 4(Ry), while profiling all other nuisances and the signal strength
modifier pzz, yields Ry, =0.9 féz}). The contribution from VBF and VH signal production to
the inclusive selection gives a small bias when relating the observed event yield ratio Ry, to
the ratio of the couplings. We find that the bias is about 0.02, which is much smaller than the
current statistical precision of the measurement. Hence, the current observations, albeit with
limited statistical precision, are consistent with the expectation set by the custodial symmetry.

Given that Ry is consistent with unity, we now assume that the ratio of the couplings of the
observed state to the W and Z bosons is as required by the custodial symmetry. Under this
assumption, we can check the compatibility of the observation with the standard model Higgs
boson by introducing and fitting for two free parameters cy and cr. The first, cy, scales the
standard model Higgs boson couplings to the W and Z bosons, while preserving their ratio.
The other, cr, scales all couplings to fermions by one constant factor. At LO, all partial widths,
except for I, scale either as C%/ or c%. The partial width Iy, is induced via loop diagrams, with
the W boson and top quark being the dominant contributors; hence, it scales as |« cy + B cr ]2,
where factors a(myy) and B(my) are taken from predictions for the SM Higgs boson [31]. Then,
the event yield in any production xdecay mode can be easily rescaled for any cy # 1 and/or
cr # 1, starting from the following equation:

rxx Fyy

N(xx - H — yy) ~ )

Iﬂtot

In this equation I'iy is also a function of cy and cr; it is calculated as the sum of the rescaled par-
tial widths. As before, the cy and cr re-scaling factors do not represent any particular physics
model and serve the sole purpose of testing the compatibility of the observation with the stan-
dard model Higgs boson hypothesis. The 2D likelihood scan and the 68% and 95% confidence
regions for cy and cr are shown in Fig. 12. In this scan, cy and cr are constrained to be pos-
itive. We note that formally there is another deeper minimum in the likelihood in the (4, —)
quadrant, but we do not consider this quadrant as it has no physics meaning in the context of
the (cv,cr)-parametrisation. One can see that the data are compatible with the expectation for
the standard model Higgs boson: the point (cy, cr)=(1,1) is within the 95% confidence interval
defined by data. The best-fit values are (cy, cr)=(1.0 ,0.5 ). The 1D 95% CL intervals for ¢y and
cr, if the other parameter is fixed to unity, are [0.7; 1.2] and [0.3; 1.0], respectively.
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5 Conclusions

Combined results are presented from searches for the standard model (SM) Higgs boson in
proton-proton collisions at /s = 7 and 8 TeV in five decay modes: <7, bb, t7, WW, and
ZZ. The analysed data correspond to integrated luminosities of up to 5.1 fb™' at 7 TeV and
53 fb~! at 8 TeV. The data exclude the existence of a SM Higgs boson in the ranges 110~
122.5 and 127-600 GeV at 95% confidence level. An excess of events above the expected SM
background is observed with a local significance of 4.90 around 125 GeV, which we attribute
to the production of a previously unobserved particle. The evidence is strongest in the two
final states with the best mass resolution: the two-photon final state and the final state with
two pairs of charged leptons (electrons or muons). The combined excess in these channels
alone gives a local significance of 5.00. An unconstrained fit to the excesses in these two final
states yields a mass of 125.3 £ 0.4 (stat) £ 0.5 (syst) GeV. Within the statistical uncertainties,
the results obtained in all search channels are consistent with the expectations for a SM Higgs
boson. More data are needed to test whether the properties of this new state are indeed those
of the SM Higgs boson or whether some differ, implying new physics beyond the standard
model.
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