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LHC: delivered luminosities
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ATLAS Online Luminosity• LHC performance beyond expectations!

• Higher luminosity → more pileup
(additional interactions per bunch crossing)

• Detector efficiency > 90%

Nevents = σ x lumi
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LHC collisions and pile-up
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• Collisions at 40 MHz, 
events recorded @ ~300 Hz,
~90% used for analyses

• Multiple collisions per LHC 
bunch crossing (~20 in 2012)

• Experimental conditions 
beyond detector design 
capabilities

• Clean signatures: leptons 
(e,μ) and photons

• Increasingly difficult: 
(b-)jets, taus, missing 
transverse energy

Z → μμ + ~25 interactions
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The ATLAS and CMS experiments
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Detector challenges: low PT charged particles
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Techniques: particle-flow and isolation

• Particle-flow: combine the information from several detectors

• Can improve resolution and pileup rejection

• Isolation: activity around the particle

• Leptons and photons from H, W, Z decays vs. jets
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The Standard Model at work
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The SM Higgs boson at the LHC
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Production mechanisms
Gluon-fusion Vector boson fusion (VBF)
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• Main channels (bosonic): H → γγ, H → ZZ* → 4ℓ, H → WW* → ℓνℓν

• Fermionic modes (associated production): (VBF) H → τ τ, (W/Z) H → bb

• Rare decays: H → Zγ, H → μμ

Associated with tt (or bb)

~0.5M ~40k

~20k/10k
~3k/5k

(events produced)
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H → γγ
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H → γγ

• Loop decay, low BR ~ 0.2%

• Simple topology

• Two isolated energetic 
photons

• ...requiring excellent 
performance

• Large backgrounds 
(excellent γ ID)

• Signal: narrow peak 
(good mass resolution)
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σ X BR ~ 50 fb @ 125.5 GeV

2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.

88

σ(mγγ) ~ 1%
S/B ~ 3%
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Electromagnetic calorimetry
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• Challenges:

• Energies from few GeV to TeV

• Trigger capabilities

• Precise position meas. (η, ɸ)

• Jet rejection factor ~104

• Important characteristics:

• Shower containment (> 20 X0)

• Good uniformity and stability vs. 
time and pileup (rad. hardness)

• Fast signals and low noise

• Fine segmentation

Schema of EM 
shower development

Simulated EM 
shower in ATLAS 

calorimeter
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ATLAS EM calorimeter

• Lead - liquid argon calorimeter

• High stability, radiation hard

• Accordion-shape electrodes

• Fast extraction of (ionization) signals 
without cracks

• Energy resolution (fsampling ~ 20%):

• Fine lateral segmentation, 3 layers in 
depth (+ pre-sampler)

• Strips of ~4mm in η to reject π0 → γγ 

• γ direction (“pointing”)
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CMS EM Calorimeter

• Lead tungstate crystals (~75k)

• Dense (22-23 cm long) and small 
Molière radius (~2-3 x 2-3 cm)

• Scintillation light (few ns)

• Sensitive to temperature 
variations and radiation

• Homogeneous calorimeter, 
exceptional energy resolution
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Photon identification

Goal: high γ efficiency, jet (π0 → γγ) rejection factors ~104 

• No hadronic activity

• Narrow showers

• No second maxima
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Ruggero Turra (UNIMI & INFN) H ! �� with ATLAS July 19, 2012 3 / 28 vs

thanks to Jamie Saxon



Bruno Lenzi (CERN) Higgs physics and experimental results 21/10/2014

Material in front of calorimeters
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Large amounts of material in front of the calorimeter from tracker and services

arXiv:1306.2016
arXiv:1407.5063
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http://arxiv.org/abs/1407.5063
http://arxiv.org/abs/1407.5063
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Material in front of calorimeters
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Large amounts of material in front of the calorimeter from tracker and services

• Photons convert to e+e- (which open in B field), bremsstrahlung for e± 

• EM showers start earlier and become wider in the calorimeter

• Some energy is lost in front





 








https://www.google.ch/search?safe=off&client=firefox-a&hs=E8P&rls=org.mozilla:en-US:official&channel=fflb&q=bremsstrahlung&spell=1&sa=X&ei=d3E-VMLTD437aLaCgbAC&ved=0CBsQvwUoAA
https://www.google.ch/search?safe=off&client=firefox-a&hs=E8P&rls=org.mozilla:en-US:official&channel=fflb&q=bremsstrahlung&spell=1&sa=X&ei=d3E-VMLTD437aLaCgbAC&ved=0CBsQvwUoAA
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Energy measurement

A. Correct for non-uniformities (inter-calibration, time-dependence, ...)

• ATLAS: stable over time (0.05%), CMS: E-flow, π0/η → γγ, E/p, laser monitoring

B. Correct for Ecalo < Eparticle

• BDT using E, position, shower profile, conversion info, trained on simul. data

C. In-situ calibration using resonances like Z → ee

• Estimate of energy scale uncertainty and resolution (for ETe ~ 40 GeV)
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H → γγ: invariant mass reconstruction

• Energy and impact points from calo

• LHC beam spread (~6 cm) would add
1.4 GeV smearing → vertex located using:

• Longitudinal segmentation of 
calorimeter (ATLAS)

• Conversion tracks

• Tracks from recoil / underlying event
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H → γγ: analysis strategy

• Select clean γγ sample (purity ~75%)

• Reconstruct mγγ 

• Split events in categories

• Improve sensitivity

• Resolution and S/B vary with e.g. η

• Access to production modes

• Leptons and jets for ttH

• W/Z → ℓ, ν or jets 

• Forward jets to tag VBF

21
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H → γγ: a look at the data
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H → γγ: profile likelihood ratio
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• Likelihood function (model of the data):

L (µ, ✓) =
Y

events
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observable nuisance parameters

signal, bkg pdfs
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H → γγ: profile likelihood ratio
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H → γγ: profile likelihood ratio

25

0

2

4

6

8

10

 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

CMS
γγ →H 

0.34 GeV ±  = 124.70Hm
0.23−
0.26+ 1.14=µ

310×

 (GeV)γγm
100 110 120 130 140 150 160 170 180

-200

0

200 B component subtracted

Ev
en

ts
 / 

G
eV

Ev
en

ts
 / 

G
eV

Sum over all classes
Data

S+B fits (sum)
B component
σ1±
σ2±

How to extract the signal? How significant it is?
• Likelihood function (model of the data):

• Profile likelihood ratio:

• Asymptotic approximation:

L (µ, ✓) =
Y

events

fs s(m�� ; ✓) + (1� fs) b(m�� ; ✓)

q0 = �2 log

L (0; ✓µ=0)

L (µ̂; ˆ✓)
!

✓
µ̂

�

◆2

= Z2

(but µ̂ < 0 ! q0 = 0)

��2 = �2 � �2
minEquivalent to:

(with 1 d.o.f)

q̃µ = �2 log

L (µ, ˆ✓µ)

L (µ̂, ˆ✓)
, 0  µ̂  µ



Bruno Lenzi (CERN) Higgs physics and experimental results 21-25/10/2014

H → γγ: a look at the data
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H → ZZ* → 4ℓ
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H → ZZ* → 4ℓ

• “Golden channel” but very small rates

• BR(Z → ℓℓ) ~ 3.3%

• Need very high efficiency for e- and μ
down to low PT (~5 GeV)
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H → ZZ* → 4ℓ

• “Golden channel” but very small rates

• Signature: 2 pairs of oppositely 
charged, same flavour leptons

• Leading mℓℓ close to mZ 

• Narrow peak (σm4ℓ ~ 1.6-2 GeV) on
top of smooth background (S/B ~ 1)

• Main backgrounds:

H ! ZZ ! 4`: the golden

Signature
2 pairs of oppositely charged, same flavor
leptons (down to 5GeV)
One or both pairs compatible with Z ! `+`�

Needs high efficiency for lepton reconstruction
and identification at low pT

Very clean channel, with excellent mass resolution �m4` < 2GeV (4µ)
to ⇠ 2.5GeV (4e) (at 130GeV)

Kerstin Tackmann (DESY) Physics at the LHC (3) 10 / 1

normalized from control regionsfrom NLO MC
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Handful of events but clean peak!
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Table 3: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are given integrated over the full mass measurement range m4` > 100 GeV and for
7 and 8 TeV data combined.

Channel 4e 2e2µ 4µ 4`
ZZ background 77 ± 10 191 ± 25 119 ± 15 387 ± 31
Z + X background 7.4 ± 1.5 11.5 ± 2.9 3.6 ± 1.5 22.6 ± 3.6
All backgrounds 85 ± 11 202 ± 25 123 ± 15 410 ± 31
mH = 500 GeV 5.2 ± 0.6 12.2 ± 1.4 7.1 ± 0.8 24.5 ± 1.7
mH = 800 GeV 0.7 ± 0.1 1.6 ± 0.2 0.9 ± 0.1 3.1 ± 0.2
Observed 89 247 134 470

Table 4: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are integrated over the mass range from 121.5 to 130.5 GeV and for 7 and 8 TeV data
combined.

Channel 4e 2e2µ 4µ 4`
ZZ background 1.1 ± 0.1 3.2 ± 0.2 2.5 ± 0.2 6.8 ± 0.3
Z + X background 0.8 ± 0.2 1.3 ± 0.3 0.4 ± 0.2 2.6 ± 0.4
All backgrounds 1.9 ± 0.2 4.6 ± 0.4 2.9 ± 0.2 9.4 ± 0.5
mH = 125 GeV 3.0 ± 0.4 7.9 ± 1.0 6.4 ± 0.7 17.3 ± 1.3
mH = 126 GeV 3.4 ± 0.5 9.0 ± 1.1 7.2 ± 0.8 19.6 ± 1.5
Observed 4 13 8 25

Table 5: The number of observed candidate events compared to the mean expected background
and signal rates for the sum of the three final states for each of the two analysis categories.
Uncertainties include statistical and systematic sources. The results are integrated over the
mass range from 121.5 to 130.5 GeV and for 7 and 8 TeV data combined. The expected signal
yield for a SM Higgs boson with mH = 126 GeV is reported, broken down by the production
mechanism.

Category 0/1-jet Dijet
ZZ background 6.4 ± 0.3 0.38 ± 0.02
Z + X background 2.0 ± 0.3 0.5 ± 0.1
All backgrounds 8.5 ± 0.5 0.9 ± 0.1
ggH 15.4 ± 1.2 1.6 ± 0.3
ttH — 0.08 ± 0.01
VBF 0.70 ± 0.03 0.87 ± 0.07
WH 0.28 ± 0.01 0.21 ± 0.01
ZH 0.21 ± 0.01 0.16 ± 0.01
All signal, mH = 126 GeV 16.6 ± 1.3 3.0 ± 0.4
Observed 20 5
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined
p

s =7
TeV and

p
s =8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to

the measured signal strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDT response versus the m4` for the
selected candidates in the 110–140 GeV m4` range for the combined

p
s =7 TeV and

p
s =8 TeV data samples. The expected distribution for a SM

Higgs with mH = 124.5 GeV is indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

Table 3: The number of expected signal events for the mH=125 GeV hypothesis, the number of ZZ⇤ and reducible background events, together
with the numbers of observed events, in a window of 120 < m4` < 130 GeV for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as

for the combined sample. For reference, the number of expected signal events is also given for the full mass range.

total signal signal ZZ(⇤) Z + jets, tt̄ s/b expected observed
full mass range p

s = 7 TeV
4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2

2e2µ 0.67 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.51 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1

4e 0.47 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1
total 2.65 ± 0.31 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p

s = 8 TeV
4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.68 ± 0.11 1.7 8.33 ± 0.6 12

2e2µ 3.92 ± 0.39 3.46 ± 0.34 1.67 ± 0.08 0.59 ± 0.10 1.5 5.73 ± 0.37 7
2µ2e 3.07 ± 0.32 2.71 ± 0.28 1.17 ± 0.08 0.36 ± 0.09 1.8 4.23 ± 0.30 5

4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.08 1.7 3.77 ± 0.27 7
total 15.6 ± 1.5 13.8 ± 1.4 6.24 ± 0.35 1.98 ± 0.26 1.7 22.0 ± 1.5 31p

s = 7 TeV and
p

s = 8 TeV
4µ 6.80 ± 0.67 6.19 ± 0.61 2.82 ± 0.14 0.78 ± 0.12 1.7 9.80 ± 0.64 14

2e2µ 4.59 ± 0.45 4.05 ± 0.40 1.99 ± 0.10 0.68 ± 0.10 1.5 6.72 ± 0.43 9
2µ2e 3.58 ± 0.37 3.15 ± 0.32 1.38 ± 0.09 0.72 ± 0.12 1.5 5.24 ± 0.35 6

4e 3.26 ± 0.34 2.77 ± 0.29 1.22 ± 0.09 0.75 ± 0.11 1.4 4.75 ± 0.32 8
total 18.2 ± 1.7 16.2 ± 1.6 7.41 ± 0.41 2.94 ± 0.32 1.6 26.5 ± 1.7 37

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:655

mH = 124.51 ± 0.52 (stat) ± 0.04 (sys) GeV = 124.51 ± 0.52 GeV (4)
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined
p

s =7
TeV and

p
s =8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to

the measured signal strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDT response versus the m4` for the
selected candidates in the 110–140 GeV m4` range for the combined

p
s =7 TeV and

p
s =8 TeV data samples. The expected distribution for a SM

Higgs with mH = 124.5 GeV is indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

Table 3: The number of expected signal events for the mH=125 GeV hypothesis, the number of ZZ⇤ and reducible background events, together
with the numbers of observed events, in a window of 120 < m4` < 130 GeV for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as

for the combined sample. For reference, the number of expected signal events is also given for the full mass range.
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full mass range p
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total 15.6 ± 1.5 13.8 ± 1.4 6.24 ± 0.35 1.98 ± 0.26 1.7 22.0 ± 1.5 31p

s = 7 TeV and
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4µ 6.80 ± 0.67 6.19 ± 0.61 2.82 ± 0.14 0.78 ± 0.12 1.7 9.80 ± 0.64 14
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4e 3.26 ± 0.34 2.77 ± 0.29 1.22 ± 0.09 0.75 ± 0.11 1.4 4.75 ± 0.32 8
total 18.2 ± 1.7 16.2 ± 1.6 7.41 ± 0.41 2.94 ± 0.32 1.6 26.5 ± 1.7 37

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:655

mH = 124.51 ± 0.52 (stat) ± 0.04 (sys) GeV = 124.51 ± 0.52 GeV (4)
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined
p

s =7
TeV and

p
s =8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to

the measured signal strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDT response versus the m4` for the
selected candidates in the 110–140 GeV m4` range for the combined

p
s =7 TeV and

p
s =8 TeV data samples. The expected distribution for a SM

Higgs with mH = 124.5 GeV is indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

Table 3: The number of expected signal events for the mH=125 GeV hypothesis, the number of ZZ⇤ and reducible background events, together
with the numbers of observed events, in a window of 120 < m4` < 130 GeV for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as

for the combined sample. For reference, the number of expected signal events is also given for the full mass range.

total signal signal ZZ(⇤) Z + jets, tt̄ s/b expected observed
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s = 8 TeV
4µ 6.80 ± 0.67 6.19 ± 0.61 2.82 ± 0.14 0.78 ± 0.12 1.7 9.80 ± 0.64 14
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The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:655

mH = 124.51 ± 0.52 (stat) ± 0.04 (sys) GeV = 124.51 ± 0.52 GeV (4)
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H → ZZ* → 4ℓ
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Higgs mass measurement

• H → γγ: systematic uncertainties from 
energy scale

• e → γ extrapolations, non-linearities

• Huge effort to reduce by factor 2-3

• H → 4ℓ: dominated by statistical uncertainties

• Compatibility: 2.0σ (ATLAS), 1.6σ (CMS)

• Shifts in opposite directions

33

Known to ~1% at discovery, ~0.3% now
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H → WW* → ℓνℓν: analysis strategy
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• Signature: opposite-sign leptons (e,μ) and large missing transverse energy

• Higgs is a scalar

• Leptons emitted with small Δɸ

• Limited mass resolution from ν’s

• Transverse mass as main discriminant:

• Large backgrounds: WW, W+jets, top, Z/γ*, di-bosons

• Mostly data-driven

• Data split according to jet multiplicity

• 0/1 jets: ggF signal, WW background

• 2 or more jets: VBF signal, top background

σ X BR ~ 200 fb @ 125.5 GeV

•  Analysis(strategy:((
–  two(prompt(highDpT(leptons(
–  Use(spinD0(and(VDA(structure(of(W(decay(
–  MET((
–  split(events(into(ee,(μμ,(eμ(channels:(

•  different(S/B(rates:(DrellDYan(in(ee/μμ(!(((

–  split(events(further(into(0/1Djet:(
•  different(S/B(rates:(kbar(in(1Djet(!(((

–  ATLAS:&mT(distribu0on&&
–  CMS:&

•  DifferentDflavor:(2D&distribu0on&N(mll,mT)&
•  SameDflavor(dileptons:(cut(based&analysis&

–  Backgrounds((for(low(mass(Higgs):((
•  WW,(k,(W+jets,(DY+jets,(Wγ:(from(control(regions(
•  ZW,(ZZ:(from(MC((very(small(contribuMon)(

•  Analysis(features(to(note((mH=125):(
–  Fair(S/B((
–  Fair(signal(event(yield((200(events)(
–  Poor(mass(resoluMon(≈20%(

H!WW *! !+!!"!

m2
T =

�
E``

T + Emiss
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H → WW* → ℓνℓν: a look at the data
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H → WW* → ℓνℓν: a look at the data

• ATLAS: VBF signal enhanced using BDT

• 3.2σ observed (2.1 expected)

• CMS VBF: 1.3σ observed (2.1 expected)
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H → τ τ
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multivariate identification
J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

τ-Lepton Decays
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τ decay

QCD jet

hadronic tau decays:
narrow, collimated jet
isolated energy deposits and tracks 
large electromagnetic component 
low track multiplicity (1 or 3)
high leading-track momentum fraction

Tau decays and reconstruction

• Challenges:

• Hadronic τ identification

• mττ reconstruction (ν in final state) → σm ~15-20%

• Decay products ~ collinear

• Backgrounds from Z, W+jets, top, multijets 
(mostly estimated from data)

• e.g.: Z → τ τ from Z → μμ in data, replacing 
μ by simulated τ

• Exploit “associated” production (split by N-jets)

• VBF, W/Z H, boosted ggH
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multivariate identification
J. Kroseberg                  BSM Higgs Searches with ATLAS         Moriond QCD 2012    

τ-Lepton Decays
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τ decay

QCD jet

hadronic tau decays:
narrow, collimated jet
isolated energy deposits and tracks 
large electromagnetic component 
low track multiplicity (1 or 3)
high leading-track momentum fraction

Efficiency:  ~60%           mis ID: ~1%

+ ντ
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H → τ τ: a look at the data

40

Z
obs

Z
exp

µ
ATLAS 4.5 3.5 1.42+0.44

�0.38

CMS 3.0 3.7 0.78± 0.27

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
S 

/ (
S+

B)
 W

ei
gh

te
d 

dN
/d

m

0

500

1000

1500

2000

2500

ττ→SM H(125 GeV)
Observed

ττ→Z
tt

Electroweak
QCD

     [GeV]ττm
0 100 200 300-40

-20

0

20

40 ττ→SM H(125 GeV)
Data - background
Bkg. uncertainty

 at 8 TeV-1 at 7 TeV, 19.7 fb-1CMS, 4.9 fb

µ, ehτhτ, hτ, e
h
τµ

(S / B)
10

log
-4 -3 -2 -1 0 1

Ev
en

ts
 / 

bi
n

1

10

210

310

410

   PreliminaryATLAS
-1, 20.3 fb = 8 TeVs

-1, 4.5 fb = 7 TeVs

ττ→H

Data

=1.4)µBackground (

=0)µBackground (

=1.4)µ (ττ→(125)H

=1)µ (ττ→(125)H



41

(W/Z) H → bb
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(W/Z) H → bb

• Huge backgrounds from QCD

• Associated production with W/Z decaying to leptons and neutrinos

• 2 b-tagged jets (displaced vertices)

• mbb resolution ~ 10%

• Split events in PT(W/Z)

• Boosted topologies, enhance sensitivity

• Backgrounds: di-boson, 
W/Z+jets (heavy flavour), top, multijets

• Discriminant: BDT
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(W/Z) H → bb: a look at the data
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Rare decays: H → Zγ → ℓℓγ, H → μμ

• Clean signatures

• Leptons and low-ET photon  / opposite charged muons

• Low signal yields and large backgrounds, modeled by analytical functions

• Z+γ (~80%) and Z+jet (~20%)   / Drell-Yan (~95%)

• Limits @ 95% CL, mH = 125.5 GeV: μ ≲ 10  / μ ≲ 7
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