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Where is the SM Higgs Boson ?

2

LEP direct search: mH > 114.4 GeV EW fit favors mH < 163 GeV 

Recent CDF+D0 direct search combination (4 fb-1) 

excludes range 160 - 170 GeV 

Marco Delmastro (Blois 2009) 40Searches for the Higgs boson at LHC 
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How would the SM Higgs boson be produced ?
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gluon fusion 

Vector-Boson-Fusion (VBF) 

associated production (W, Z) 

associated production (ttbar) 

gg 10% NNnLO 

VBF 5% NLO 

WH, ZH 5% NNLO 

ttH 15% NLO 

Typical uncertainlties on total cross-sections 



How would the Higgs boson decay?

4
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!! ! mH < 140 GeV 

bb ! mH < 130 GeV 

""  ! mH < 150 GeV 

ZZ  ! mH > 130 GeV 

WW  ! 2mW < mH < 2mZ 

Text
Width << detector resolution



Discovery & exclusion

N: Number of selected events
NB: Number of background events
√NB: Uncertainty on background

To maximize S
Increase ℒ (S~√ℒ)
Improve mass resolution σM (S~1/√σM)
Increase signal efficiency, background 
rejection

if S>5 (probability for a stat. fluctuation 
< 10-7) ⟹ Discovery

Otherwise, set an upper limit on Higgs 
boson cross-section
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peak width due to detector
resolution σM (ΓX<<σM) 

mγγ

X➝γγ

Ev
en

ts
/2

 G
eV

S=(N-NB)/√NB

LEP direct search: mH > 114.4 GeV EW fit favors mH < 163 GeV 

Recent CDF+D0 direct search combination (4 fb-1) 

excludes range 160 - 170 GeV 
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A signal emerging with time

background

“Pseudo-Data”

! Ldt = 0.1 fb-1 (year: 2008/2009)

! Expected Events:

! Nhiggs~2, Nbackground=96 +/- 9.8

! S/!B=0.2

! No sensitivity to signal

Higgs

From B. Heinemann
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A signal emerging with time…

! Expected Events:

! Nhiggs~25, Nbackground~960 +/- 30

! S/!B=0.8

! Still no sensitivity to signal

! Ldt = 1 fb-1 (year: ~2009)
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There it is!

! Ldt = 30 fb-1 (year: 2011/2012?)

! Expected Events:

! Nhiggs~700, Nbackground=28700 +/- 170

! S/!B=4.1

! Got it!!!



Reminder: small cross-section 

9

bb production cross-section:  ! ~ 100 mb 

Total inelastic cross-section:  ! ~ 100 mb 

W (!l!) production cross-section:  ! ~ 10 nb 

Higgs (mH=150 GeV) cross-section:  ! ~ 10 pb 

Total ! / Higgs ! > 1010 
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H➝γγ



H➝γγ: The Signature

•The difficulties:
•High background

•irreducible (2 γ in final state) 
•reducible (π0, jets) in final state

•Vertex is not known: pile-up & beam spot 5.6 cm long
•develop techniques to reconstruct it from the calorimeter
•use high pT track to select the high Q2 interaction
vertex

•Photons convert in the tracking detector

11

θ



H➝γγ : Mass Resolution

• Photon conversions in the tracking detector
•

12
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ATLAS 



H➝γγ (10 fb-1): splitting the final states
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inclusive γγ
S/B ~ 0.03

γγ + 1 jet
S/B ~ 0.08

VBF + gg production

γγ + 2 jets
S/B ~ 0.4

VBF + gg production

γγ+ET
miss+1lepton

S/B ~ 2
ttH, WH

γγ+ET
miss

S/B ~ 2
ZH, WH



Discriminating variables
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Background, 0 jets category (dots: MC, line: PDF)
Background, 1 jet category (dots: MC, line: PDF)
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Figure 11: Signal (left) and background (right) distributions of the Higgs boson decay angle, |cosθ !|
(top), and the diphoton transverse momentum (bottom) for events with zero jets (full dots), one jet (open
circles) and VBF topology (full triangles, not shown for background because of a too low relative cross-
section). The corresponding PDF parametrisations are overlaid (see text).

the large majority of the events entering the fit are of that type. It is achieved by flexible parametrisations
with a sufficient number of parameters determined by the fit, ensuring a stable fit result with respect to
shape redefinitions.

The distribution of |cosθ !| for a scalar Higgs boson is uniform. However, acceptance effects, pri-
marily from the minimum pT requirements for the photons (See Section 5.1), suppress |cosθ !| values
towards one, where the photons are collinear with the Higgs boson lab frame momentum. The empirical
signal PDF is interpolated by a double Gaussian function. The phase space for background events from
t-channel graphs and quark or gluon fragmentation at NLO is enhanced for photons collinear with the
diphoton lab momentum, so that the background |cosθ !| distribution exhibits some clustering towards
large values. Acceptance suppression competes, however, with this enhancement thus reducing the dis-
crimination power of the variable. It is found that the |cosθ !| distributions differ significantly between
the γγ , γ j and j j backgrounds, with stronger enhancements at large |cosθ !| values for the backgrounds
originating from jet misidentification. The inclusive shape of these backgrounds is parametrised by the
sum of a positively defined third order polynomial and two Gaussian functions. The inclusive signal and
background distributions of |cosθ !| for events with and without jets are shown in Fig. 11.

The Higgs boson transverse momentum exhibits a strong rise at low values and a long exponential
tail beyond the maximum. The distribution is fitted by a sum of two bifurcated Gaussian functions
(distributions where below and above the center half Gaussian distributions with different widths are
used) and one symmetric Gaussian. The diphoton transverse momentum distribution for background is

23
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Optimizing the description of the data: 
regions in the detector of constant resolution
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Figure 12: Regions of photon pseudorapidities with different invariant mass resolutions for unconverted
photons (left) and at least one converted photon (right). The text per box denotes the region number, the
percentage of events occurring in the region and the RMS of the diphoton invariant mass for H → γγ
events. To simplify the likelihood model, events with photons in regions (1) and (8) are merged and
represent category “good” (signal fraction 24%), events in regions (2), (3), (4) and (6) correspond to
category “medium” (60%), and regions (5) and (7) are “bad” (15%).

softer than that for signal and can be described by the sum of three exponential polynomials (see Fig. 11).

6.3 Fit categories

Eight photon pseudorapidity regions with different diphoton invariant mass resolution for H→ γγ events
are identified. They are illustrated in Fig. 12 for unconverted photon pairs (left plot) and events with
at least one photon conversion (right plot). The regions are chosen to be symmetric with respect to an
interchange of the photons. The crack region is excluded from the photon selection. The mγγ RMS
values vary between 1.3 GeV in the centre and large-η regions to 3.1 GeV in the regions closely beyond
the crack. To simplify the likelihood model, the eight regions are merged into three categories that are
distinguished in the fit (see Fig. 12).

Two categories are introduced to separate events without and with at least one photon conversion
to take account of the worse resolution of the latter events. Photon conversions reconstructed with one
or two tracks are not explicitly distinguished. Additional categories are introduced for Higgs boson
production with zero, one, and two or more accompanying jets, using the requirements described in
Sections 5.2 and 5.3. No separate categories are introduced in the present analysis to distinguish Higgs
boson production in association with a W and Z boson or a tt̄ quark pair; these are included in the
previous selections. Separating them would add some power, but would increase the complexity.

6.4 Correlations

The likelihood product used to derive the event PDF Pc
U ignores correlations between the discriminating

variables xk. The classification in categories of events with distinct properties improves the accuracy
of this assumption. The remaining (positive) linear correlation coefficients is lower than 7% (10%) for
signal (background) events among the three fit variables tolerable.
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H➝γγ: Significance
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H➝ZZ*➝4 leptons



H➝ZZ*➝ 4 leptons

18
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H➝ZZ*➝ 4 leptons: significance

19
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CMS 

CMS H ! ZZ*! 2e2! CMS H ! ZZ*! 4! 
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VBF H➝τ+τ- 



H➝ττ: the reciepe

21

Forward 

jets (tag) 

Higgs 

decay 

Marco Delmastro (Blois 2009) Searches for the Higgs boson at LHC 21

2 high pT tag jets 

at large rapidity no color flow between tag 
jets implies a rapidity 
gap, thus the central jet 

veto effective to reduce 
backgrounds 

Higgs mass is 
reconstructed using the 
collinear approximation 

and the angle between 
the two ! 



Event selection

• Due to poor Higgs mass resolution for 
H→ττ, inclusive analysis not possible

• Exclusive (VBF) searches: Reduce QCD 
backgrounds by using distinct topology of 
jets in association with Higgs 

• Signal
• 2 high pT jets from quarks, at large η, 

no jets in between
• τ-pair from a resonnance
• leptonic & hadronic τ decays (ll, lh, hh)
• ETmiss

• Background 
• irreducible: Z+jets (Z➝ττ)
• reducible: W+jets, t-tbar+jets
• leptonic & hadronic τ decays (ll, lh, hh)

22



Reconstructing VBF events

23

• Mass Reconstruction

• collinear approximation: τ decay 
products go along the τ direction

• Mass resolution limited bt ETmiss (8-10 
GeV) & τreconstruction (∼10 GeV)

• Significance 

• Counting events in the mass peak 
using a fit over the mass spectrum



Overall sensitivity with ATLAS

• 5 σ discovery
• 2 fb-1: mH∼160 GeV

• 3 fb-1: 135<mH<190 GeV

• 20 fb-1: probe down to mH∼115 GeV

• 95%CL exclusions
• <2 fb-1: region mH∼2mW

• ~2 fb-1: 120 < mH< 460 GeV

• ~3 fb-1: probe down to mH∼115 GeV

• Systematic effects & uncertainties 
taken into account

24

5σ discovery

MH(GeV)

95% CL exclusion

MH(GeV)

20 fb-1



Conclusive remarks

• All possible SM Higgs mass range is well covered by several channels
• ATLAS has a good sensitivity to the SM Higgs already with the first fb-1

• Many aspects not covered in this presentation:
• How to show that a signal is the SM Higgs boson
• Measurement of the spin and CP
• Measurement of the couplings
• And also the MSSM Higgs searches

25



ATLAS sensitivity to MSSM Higgs boson
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300 fb-1 ATLAS
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