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Abstract

A search for the Standard Model Higgs boson with the ATLASegipent at the LHC is presented. Thp collisions
datasets correspond to an integrated luminosity of up téot9collected aty/s= 7 TeV in 2011, and up to 5.9 fb
collected atys = 8 TeV in 2012. Searches fét — yy, H » ZZ®, H - WW®, H — bbandH — "7~ have been
performed on the 2011 data, whitt — yy andH — ZZ®*) — 4l have been updated using both 2011 and 2012 data.
The Standard Model Higgs boson has been excluded at 95% enoéidevel for masses in the range of 110 to 122.6
GeV and 129.7 to 558 GeV. An excess of events has been obdervadiggs boson mass hypothesis near 126.5
GeV with a local significance of.60.
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1. Introduction the total rate of signal events, is determined for each
Higgs boson mass hypothesis. The signal strength is de-
fined such that: = 0 corresponds to background only,
andu = 1 corresponds to the SM Higgs boson signal
in addition to the background. The fitting procedure
used for individual analyses and the combination [12—
15] is based on the profile likelihood ratio test statistic
A(u) [16]. The test statistic allows to extracts the sig-

The ATLAS detector [1] was built to observe a wide
spectrum of events from proton-protopp] collisions
produced at the Large Hadron Collider (LHC). In the
Standard Model (SM) [2-4], electroweak symmetry
breaking is provided by the Higgs mechanism, resulting
in a new particle referred to as the Higgs boson [5-10].
While the prodl_Jction cross_section and branching ratios nal strength from the full likelihood which includes sys-
can be determined for a given Higgs bosoln mass, tematic uncertainties and their correlations. Exclusion
the actual value of the Higgs boson mass is not known limits are based on theL prescription [17] such that a

ar_1d the search must be performgd over a vyid_e range Ofvalue ofu is regarded as excluded at the 95% confidence
Higgs boson masses. The combined LEP limit [11] ex- level (CL) whenCL is less than 5%
S .

cludes a SM Higgs boson with a mass below 114.4 GeV
at 95% CL, so ATLAS searches are performed for Higgs
boson masses over 100 GeV.

In 2011, the LHC delivered to the ATLAS detector
an integrated luminosity of 5.6 b of pp collisions at
hes for the SM Hi - _ a centre-of-mass energy of 7 TeV. Between 4.6 and 4.9
Searches for the S 'ggs boson are being per fb~! (depending on the data quality requirements of the

formed by the ATLAS Collaboration in several search -
channels based on the decay modes of the Higgs bOSOﬂ,SpeCIfIC channels) were used for 2011 analyses. These

as well as decays of subsequent vector bosons and talj';lnalyses performed on 2011 data were combined to re-

leptons. The search channels are further broken down port th? indication_ of an excess with & mass near 1.26'5
according to lepton flavor, presence of additional jets, GeV with a local significance of 2.0 standard deviations

kinematic regions, and other factors to enhance the sen-(c‘:ggezgnTgfcglsosbg:c ?r:?sbgigg%cjzrr]égeinb?r:::gg;igdr;%ge

sitivity. An overview of the search channels is given in .

Tabl eyl g of 110-600 GeV was estimated to b&5%. The mass
For the analyses presented in this paper, the overal| "@nges from 110.0 to 117.5, 118.5 to 122.5, and 129 to

signal strength factqe, which acts as a scale factor on 539 GeV were excluded at 95% CL. )
As of July 2012, the LHC has delivered to the AT-

LAS detector an integrated luminosity of 6.6 tbat a
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Email address: robert.duane.harrington. jr@cern.ch centre-of-mass .energy of 8 TeV. The hlgher centre-of-
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ses since in most cases signal production cross sectiongyg — H —>_b5. To enhance the signal-background ratio,

increase more with higher centre-of-mass energy than
background production cross sections. In addition, the
instantaneous luminosities were higher in 2012 than in
2011, with peak luminosities almost double those of
2011 for the same 50 ns bunch spacing. Higher in-
tegrated luminosities give greater sensitivity, but they
come with larger numbers gfp collisions per bunch
crossing (pile-up). Thél — yy was shown to be rela-
tively insensitive to pile-up, while thel — zz®) — 4|

analysis has been improved to increase pile-up robust-

theH — bb analysis was restricted to Higgs boson pro-
duction in association with a vector bosaH or ZH,

with the vector boson decaying to leptons. The analysis
was performed in three channels based on the decay of
the vector bosonW — lv, Z — Il, Z — vv). Analyses
used the transverse momentum of the vector boson or
EMSS to enhance sensitivity. Fits to sidebands and con-
trol regions were used for background normalisations
when possible, and likelihoods were formed fromy,
distributions. 4.6 to 4.7 ft# of 2011 data were anal-

ness. These analyses have been updated with 5.8 angsed. No significant excess was found in the mass range

5.9 fb! of the 2012 8 TeV data, respectively.

2. 2011 High Mass Higgs Boson Searches

In 2011, searches were performed up to 600 GeV in the
following channels:H - WW — Ivqq, H —» Z2Z —

lyw andH — ZZ — llgg. The combination [18] of

all channels was expected to allow exclusion at a 95%
confidence level (CL) from 120-560 GeV. The actual

excluded range using 2011 data alone was 129.2 to 541

GeV. The combined exclusion plot is shown in Figure
1.
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Figure 1:2011 combination. The observed (full line) and expected (dashed
line) 95% CL combined upper limits on the SM Higgs boson productiossro
section divided by the SM expectation as a functiomgfin the full mass range

considered. The dotted curves show the median expected limit in the absence

110-130 GeV (Figure 2), and an upper limitof 2.7 t0 5.3
Xogm was set with 95% CL.
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Flgure 2:VH, H - bb. Expected (dashed) and observed (solid line) exclu-
sion limits expressed as the ratio to the SM Higgs boson cross sectiog the
profile-likelihood method with CLs. The dark (green) and light (yellow) areas
represent the 1 and 2 standard-deviation ranges of the expectation in the absence
of a signal.[19]

4, 2011 H - v+r~

H — 7%~ [20] is a promising channel in spite of the
low branching fraction. Three channels were analysed
based on the decay of theleptons {iepTiep, TiepThad:

of a signal and the green and yellow bands indicate the corresponding 68% and ThadThad)' and these three channels were further subdi-

95% intervals.[12]

3. 2011VH, H — bb

H — bb [19] is the dominant decay mode in the low
mass range, but backgrounds are prohibitively large for

searches for Higgs bosons produced by gluon fusion,

2

vided with selections requiring jets to enhance the boost
of the Higgs boson. Requiring a boosted Higgs boson
aids int identification since the leptons are closer to-
gether, and- decay products are more well collimated.
4.7 fb! of 2011 data were analysed. As shown in Fig-
ure 3, no significant excess was observed, and an upper
limit was placed on Higgs boson production of 3.2 to
7.9%osy at 95% CL.



Table 1:summary of the individual channels used in the combination. The trangitiints between separately optimisag regions are indicated when applicable.
The symbols® ande represent direct products or sums over sets of selection requirements.

Higgs Decay| Subsequent Sub-Channels my Range | £ (fo™)
Decay
Z—>w ETS € {120-160, 160-2003200 GeV} 4.6
VH — bb W - ly p¥" € {<50,50-100, 100-2003;200 GeV} 110-130 4.7
Z-ll pY¥ € {<50,50-100, 100-20G;200 GeVf 4.7
TiepTlep {eu} ® {O-jets @ {II} @ {1-jet,2-jetsVH}
H—- TiepThad {e u} ® {O-jetg ® {ET'<20ET>20 GeV & {e,u} ® 100-150 4.7
{1-jet ® {I} ® {2-jets
Thad Thad {1-jet
H — WW® Ivly {ee, Qu,y/_l} ® {Oijets,_l-jet,z-jet}s® {low,high pile-up 110-600 4.7
lvaq’ e u ® {O-jets,1-jet,2-jets 300-600 4.7
Hoyy |- {pr, ® 1,® conversion & {VBF} 110-150 | 4.9+5.9
1] {4e, 2e2u, 2u2e, 4€} 110-600 | 4.8+5.8
H—-2zz0 | lw {ee, up} ® {low,high pile-up 200-280-600| 4.7
Ilggq {b-tagged, untagged 200-300-600| 4.7
= 20 shown in Figure 4, no significant excess was observed.
\o"’ 18 H-T ATLAS E A SM Higgs boson with mass in the range of 133-261
° F _e— ObservedCL, ] GeV was excluded with 95% CL.
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Figure 3:H - *r. Expected (dashed) and observed (solid line) exclusion Figure 4: H — ww® — Ivlv. Expected (dashed) and observed (solid
limits expressed as the ratio to the SM Higgs boson cross section, iging t  line) exclusion limits expressed as the ratio to the SM Higgs boson sewss
profile-likelihood method with CLs. The dark (green) and light (yellow) areas tion, using the profile-likelihood method with CLs. The dark (green) agiot i
represent the 1 and 2 standard-deviation ranges of the expectation in the absencdyellow) areas represent the 1 and-2anges of the expectation in the absence
of a signal.[20] of a signal.[21]

5. 2011 H -» WW® > Iyly
6. 201142012 H —» ZZ* — 4leptons

TheH — WW® — Ivly [21] analysis is sensitive over TheH — ZZ* — 4l analysis [22] was updated with
the entire range of 110-600 GeV. For this channel, only 2012 data for a total of 4.8 f§ of 7 TeV data and 5.8

W bosons decaying to electrons goxdnuons were con-  fb™! of 8 TeV data. The likelihood was constructed us-
sidered. Backgrounds were normalised to data when ing my distributions for signals and backgrounds. Tem-
possible. The Higgs boson transverse mass, calculatedolates were taken from Monte Carlo simulation for the
directly from leptonpy andE’T“iSS, was used for the like-  four signal contributionsgg — H, VBF, WH, ZH) and
lihood fit. To enhance sensitivity, events were separated the ZZ®*) background. Shapes were taken from control
into different categories in the likelihood fit based on the regions in data for thé, Z+jets andZbb backgrounds
number of jets. 4.7 ft of 2011 data were analysed. As and normalised to data. Four categories were used based

3



on the invariant mass of the lepton pairs and their flavour o° LT T T T
(electrons or muons). Figure 5 shows the fitof the data 10 - 25 &amaned :”—;;,)P reiii"'”a’y E
to the my templates for signal at 3 values ofy and 3 o= i r; TeVT}Ldt PO
backgrounds for all categories combined. —t 1 (3-8 TeV: Lt 5.8 16"

The analysis was improved over the 2011 analysis 1 - - <

[23] through changes to selection cuts and electron re-
construction and identification to improve the sensitiv-
ity by 20-30%. The resulting exclusion range was 131-
162 and 170-460 GeV at 95% CL. An excess was ob-
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served at 125 GeV with a local significance o#a3, 10 L3
and a global significance of.%r taking into account 3
the look-elsewherefiect over the range 110-141 GeV 10t E
(Figure 6). The fitted signal strength at 125 GeV was o | b 1 gt : e
qo el b bbb b il a b,
pu=13+06. 110 120 130 140 150 160 170 180
my [GeV]
%351 * Data — .
© "L B Background 22" ATLAS Preliminary Figure 6:H — zz® — 4. The observed local p0 for the combination of
o r ! ") the 2011 and 2012 datasets (solid black line); f@=7 TeV and v/s=8 TeV
B30~ E g%cri(é;iri)mungégj%lz,vli H—ZZ -4l data results are shown in solid lines (blue and red, respectively). The dashed
€ L [ Signal (mH:150 GeV) curves show the expected median local pO for the signal hypothesis when tested
%25:* i Signal (mH:190 GeV) at the correspondingy. The horizontal dashed lines indicate the pO values

© w Systunc corresponding to local significances ef 120, 30- and 4r. [22]
C v : :

no
o

Hs=7TeV: |Ldt=4.8 o

s=8TeV: JLdt=58 fb" of a Crystal Ball and Gaussian fit to Monte Carlo sim-

ulation. The background likelihood shapes were data-
driven and modelled, depending on the category, as an
exponential function, a fourth-order polynomial or an
exponential function of a second-order polynomial. Fig-
ure 7 shows the level of agreement between the data and
the signal+ background model for all categories com-
100 150 200 G \2/50 bined. The ranges 112-122.5 and 132-143 GeV were
4 [GeV] excluded with 95% CL, and an excess was observed at
. ) o o 126.5 GeV with a local significance of5 (Figure 8)
Figure 5:H - zz® — 4. The distribution of the four-lepton invariant . .
mass,my, for the selected candidates compared to the background expectation and a fitted Slgnal Strength pf: 19+05. The gIObaI

ey
[9)]

10

for the 80-250 GeV mass range for the combings=8 TeV and /s=7 TeV Significance taking into account the look-elsewhere ef-
datasets. Error bars represent 68.3% central confidence intervals. The signal
expectation for severahy hypotheses is also shown.[22] fect over the range 110-150 GeV waséa.

8. Combined Results

7. 201142012 H —» yy The 2011 results for all channels, as well as the updated
results using 2011 and 2012 data fér— ZZ®) — 4|

The H — vyy search [24] was performed in the mass andH — yy, were combined [25] to give an exclusion

range 110 to 150 GeV using integrated luminosities of in the ranges of 110t0 122.6 GeV and 129.7 to 558 GeV

4.9 fbol of 7 TeV 2011 data and 5.9 b of 8 TeV at 95% CL (Figure 9). An excess was observed at 126.5

2012 data. Nine categories were used in the likelihood GeV with a local significance of.60- (Figure 10). The

based on the pseudorapidity of each photon, whether it best-fit value of signal strength was= 1.2 + 0.3 (Fig-

was reconstructed as a converted or unconverted photonpure 11). The global significance taking into account the

and the di-photon momentum transverse to the diphoton look-elsewhere féect over the range of 110-600 (110-

thrust axis. A tenth category was used requiring 2 jets 150) was 41(4.3)o. Lastly, theH — zZ®) — 4l and

to enhance the contribution from vector boson fusion H — yy channels were used to obtain the contour plots

(VBF). The shape of then,, distribution for the signal in Figure 12.

component of the likelihood was modelled with the sum

4



2400 T . T : o 10
2200 Selected diphoton sample

L4 Data 2011 and 2012
2000 Sig + Bkg inclusive fit (mH =126.5 GeV)
1800

,,,,,,,, 4th order polynomial
1600

1400
1200
1000
80
60
40
20

RS RN R LN U LS A S

ATLAS Preliminary

Events / GeV
Local p
[

1
s=7 Tev,J' Ldt=4.8" 10

=8 TeV,I Ldt=591b" 102

HALLL ALl e

10°
Data 2011, {s= 7 TeV,J' Ldt=4.8 fbr

=]

=]
T T}
[%)]
<
I
1
&3

Data 2012, Vs= 8 TeV, J' Ldt=5.9fb

Observed p, 2011+2012

- = - . Expected p, 2011+2012
Observed p_ 2011

- = - . Epected p 2011
Observed , 2012

- - - . Expected p) 2012

10

S o

10°

10

=]

© Observed p 2011 (with ESS)

‘ T \HHH‘ T
o
o
g
o
E
H
2
=
N
g
2
5
]
5
B
E
m
?
o

+

10°

© Observed p, 2012 (with ESS)

Data - Bkg
o

1001 #

E. . . . .
100 110 120 130 140 150

T N N IR AUTEIIN AARIN BRI B |
10 110 115 120 125 130 135 140 145 150

my [GeV]

3

o)

@

S5
o

v

Flgure 7:H = yy. Invariant mass distribution for the combing®=7 TeV .

and +/s=8 TeV data samples. Superimposed is the result of a fit including a Flgure 8:H - yy. Expected and observed local p0 values for a SM Higgs

signal component fixed to a hypothesized mass of 126.5 GeV and a background boson as a function of the hypothesized Higgs boson mass mH for theroesnbi

component described by a fourth-order Bernstein polynomial. The bottom inset analysis and for the/s=7 TeV and+/s=8 TeV data samples separately. The ob-

displays the residual of the data with respect to the fitted background.[24] served p0 including theflect of the photon energy scale uncertainty on the mass
position is included via pseudo-experiments and shown as open circles.[24]
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Flgure 9: 2011+2012 combined. The observed (full line) and expected
(dashed line) 95% CL combined upper limits on the SM Higgs boson priaduct
cross section divided by the SM expectation as a functianpin the full mass
range. The dashed curves show the median expected limit in the absence of a
signal and the green and yellow bands indicate the 68% and 95% intervals.[25]
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Figure 11:summary of the individual and combined best-fit values of the
strength parameter for a Higgs boson mass hypothesis of 126.5 GeV.[25]
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low mass range as a function of;. The dashed curves show the median ex-
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