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H → γγ: profile likelihood ratio
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How to extract the signal? How significant it is?
• Likelihood function (model of the data):

L (µ, ✓) =
Y

events

fs s(m�� ; ✓) + (1� fs) b(m�� ; ✓)

observable nuisance parameters

signal, bkg pdfs

parameter of interest (signal strength):
μ = σ/σSM (∝fs)

Claim a discovery when μ = 0 rejected (at 5σ)
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Profile likelihood ratio
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How to extract the signal? How significant it is?
• Likelihood function (model of the data):

• Nuisance parameters: all that you needed to add to describe your data

• Some are fully determined by the data, others are constrained by external 
information (ideally measurements) → systematics uncertainties

• Profile likelihood ratio:

• Asymptotically → 𝜒2 with 1 degree of freedom

• “Easy” to incorporate systematic uncertainties

L (µ, ✓) =
Y

events

fs s(m�� ; ✓) + (1� fs) b(m�� ; ✓)

qµ = �2 log

L (µ, ˆ✓µ)

L (µ̂, ˆ✓)

𝓛 maximized with μ fixed

𝓛 maximized with μ free
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H → γγ: toy example
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• Ns = NsSM x μ ; NsSM = 560, μ = 1

• NB = 100k

• ψs = G(mγγ, mH, σm) ; 
mH = 125 GeV, σm = 1.5 GeV

• ψb = exp(-ξ x mγγ) / Norm

• Parameter of interest: μ

• Nuisance parameters: ξ, NB 

• Asimov dataset 
(single representative dataset of the model)

G(x, x̄,�) =
1p
2⇡�2

e

�(x�x̄)2

2�2
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H → γγ: toy example, profile likelihood ratio
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Profile likelihood ratio:
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H → γγ: toy example, profile likelihood ratio
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Profile likelihood ratio:

Asymptotic approximation:

qµ = �2 log

L (µ, ˆ✓µ)

L (µ̂, ˆ✓)

𝓛 maximized with μ fixed

𝓛 maximized with μ free
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q0 = �2 log

L (0; ✓µ=0)

L (µ̂; ˆ✓)
!

✓
µ̂

�

◆2

= Z2

5σ significance!
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H → γγ: toy example, profile likelihood ratio
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Profile likelihood ratio:

Systematic uncertainties incorporated by adding parameters to 𝓛, 
constrained by external information (in the form of pdfs). E.g.:

qµ = �2 log

L (µ, ˆ✓µ)

L (µ̂, ˆ✓)

𝓛 maximized with μ fixed

𝓛 maximized with μ free

µ ! µ (1 + �N✓N )

L ! L ·G(✓N , 0, 1)

constraint or penalty term

constant
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H → γγ: toy example, profile likelihood ratio
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qµ = �2 log

L (µ, ˆ✓µ)

L (µ̂, ˆ✓)

𝓛 maximized with μ fixed

𝓛 maximized with μ free

µ ! µ (1 + �N✓N )

L ! L ·G(✓N , 0, 1)
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No impact on Z! 
  - No change for μ = 0 or μ free 
    (not always true)

Profile likelihood ratio:

Systematic uncertainties incorporated by adding parameters to 𝓛, 
constrained by external information (in the form of pdfs). E.g.:

constraint or penalty term

constant
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H → γγ: toy example, profile likelihood ratio
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qµ = �2 log

L (µ, ˆ✓µ)

L (µ̂, ˆ✓)

𝓛 maximized with μ fixed

𝓛 maximized with μ free

Increase error on μ:
  - 𝓛 more flexible

µ
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Total error (1�) :µ
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2

Profile likelihood ratio:

Systematic uncertainties incorporated by adding parameters to 𝓛, 
constrained by external information (in the form of pdfs).
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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
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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
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Known to ~1% at discovery, ~0.3% now

ATLAS CMS

H ! �� 125.98± 0.42 (stat)± 0.28 (sys) 124.70± 0.31 (stat)± 0.15 (sys)

H ! ZZ⇤ ! 4` 124.51± 0.52 (stat)± 0.04 (sys) 125.6± 0.4 (stat)± 0.2 (sys)

Combined

125.36± 0.37 (stat)± 0.18 (sys) 125.03+0.26
�0.27 (stat)

+0.13
�0.15 (sys)

125.36± 0.41 125.03+0.29
�0.31
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The SM Higgs boson at the LHC
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Production mechanisms
Gluon-fusion Vector boson fusion (VBF)

Associated with W / Z
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Decay modes
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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 → WW* → ℓνℓν
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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
T

�2 �
��� ~pT`` +

~Emiss
T

���
2
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H → WW* → ℓνℓν: analysis strategy

• Data split according to jet multiplicity

• 0/1 jets: 

• ggF signal

• WW / Z backgrounds

• 2 or more jets

• VBF signal

• top background
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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

13
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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

13

!!"#"$"!%"
&'()*"

+)(,*"
!!"!!"!!"#"

$"!%"

µ""
+-(&*"

!""
+-(.*"

%(+*"/01234"

# 56447"""""""""""""""""""""""""""""""""""""""$"+(."829"
# :;<2=>27"""""""""""""""""""""""""",'%(?"%"+%@+)"4!
# A2B6C"D2$E017""""""""""""""""""""""""""""$".-"µ>"
#  "#$%&'()&*%!+,-*./,!0+1!#$()2!3-*#.(+1!

•  &!'!$"$"&4!µ"µ"!&!
•  5**6"F23C"10708)-"0/"GH3/>H0I""!"6$J"µ"<3/>"

/0123"4/K3B24"G2(E(""'!"L""'"µ"I"

•  &!'!,)#-*%1!9!"!
•  ,MN"/<":-)%(,0%/!-)&*!
•  O/>P;$6=/$"/<"#0;$-$%+!'%)8!1+)+$1!
•  "#$%&'()&*%!6DE/3;01>4"42D2B0!*%82!!!!!!!!!

+,01!#$()2!7*#$!
•  Q2<2332J"0/"64"&1";$"01;4"06DR"

!!"#"$"!%"
&'()*"

+)(,*"
!!"!!"!!"#"

$"!%"

µ""
+-(&*"

!""
+-(.*"

%(+*"/01234"

# 56447"""""""""""""""""""""""""""""""""""""""$"+(."829"
# :;<2=>27"""""""""""""""""""""""""",'%(?"%"+%@+)"4!
# A2B6C"D2$E017""""""""""""""""""""""""""""$".-"µ>"
#  "#$%&'()&*%!+,-*./,!0+1!#$()2!3-*#.(+1!

•  &!'!$"$"&4!µ"µ"!&!
•  5**6"F23C"10708)-"0/"GH3/>H0I""!"6$J"µ"<3/>"

/0123"4/K3B24"G2(E(""'!"L""'"µ"I"

•  &!'!,)#-*%1!9!"!
•  ,MN"/<":-)%(,0%/!-)&*!
•  O/>P;$6=/$"/<"#0;$-$%+!'%)8!1+)+$1!
•  "#$%&'()&*%!6DE/3;01>4"42D2B0!*%82!!!!!!!!!

+,01!#$()2!7*#$!
•  Q2<2332J"0/"64"&1";$"01;4"06DR"

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



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

H → τ τ: a look at the data
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• Low mass resolution:

• Small separation from 
Z → τ τ

• No precise Higgs mass 
determination

• Analysis optimised to 
mH = 125 GeV

• mττ is one of the inputs 
in the BDT discriminant 
against the background
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H → τ τ: a look at the data
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(W/Z) H → bb
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(W/Z) H → bb

• Huge backgrounds from QCD

• Exploit associated production with W/Z decaying to leptons and neutrinos

• Provides trigger

• Reduces QCD multi-jet background

23

H➞bb:How?

3 ICHEP 2014 - Paolo Francavilla

Associated production:!
if W or Z decay leptonically, easier to kill the 
multi-jet background originated by strong 
interactions. (in the next slides V=W,Z)

Categorise events depending on the number  
of charge leptons:

0-lepton category: 0 electrons, 0 muons 
 ➞ to cover Z➞νν H➞bb

1-lepton category: only 1 electron or only 1 muon 
 ➞ to cover W➞lν H➞bb

2-leptons category: 2 electrons or 2 muons 
 ➞ to cover Z➞ll H➞bb

ATLAS-CONF-2013-079

H➞bb:How?

3 ICHEP 2014 - Paolo Francavilla

Associated production:!
if W or Z decay leptonically, easier to kill the 
multi-jet background originated by strong 
interactions. (in the next slides V=W,Z)

Categorise events depending on the number  
of charge leptons:

0-lepton category: 0 electrons, 0 muons 
 ➞ to cover Z➞νν H➞bb

1-lepton category: only 1 electron or only 1 muon 
 ➞ to cover W➞lν H➞bb

2-leptons category: 2 electrons or 2 muons 
 ➞ to cover Z➞ll H➞bb

ATLAS-CONF-2013-079

H➞bb:How?

3 ICHEP 2014 - Paolo Francavilla

Associated production:!
if W or Z decay leptonically, easier to kill the 
multi-jet background originated by strong 
interactions. (in the next slides V=W,Z)

Categorise events depending on the number 
of charge leptons:

0-lepton category: 0 electrons, 0 muons 
 ➞ to cover Z➞νν H➞bb

1-lepton category: only 1 electron or only 1 muon 
 ➞ to cover W➞lν H➞bb

2-leptons category: 2 electrons or 2 muons 
 ➞ to cover Z➞ll H➞bb

ATLAS-CONF-2013-079
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(W/Z) H → bb

• Huge backgrounds from QCD

• Exploit associated production with W/Z decaying to leptons and neutrinos

• 2 b-tagged jets (displaced vertices)

24

ICHEP 2-9 July 2014 Valencia                  Caterina Vernieri (Pisa)

Combined Secondary Vertex

• The CSV through multivariate technique 
combines 

Track information 
• Impact parameter significance of the 

most energetic tracks 

Vertex information 
• if available or pseudo vertex from 

displaced tracks 

6

                 b      c    light [%] 
Loose        85     32     10 

Medium  70  	  15		 1 
Tight       50 	   6	     0.1

L
M

T

(CMS)
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(W/Z) H → bb

• Huge backgrounds from QCD

• Exploit associated production with W/Z decaying to leptons and neutrinos

• 2 b-tagged jets (displaced vertices)

• mbb resolution ~ 10%

• ~30% improvement from multivariate
regression techniques and inclusion
of soft-muons (b → μ, b → c → μ)
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(W/Z) H → bb

• Huge backgrounds from QCD

• Exploit 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

• Challenge: control backgrounds

• Di-boson, W/Z+jets (heavy flavour), 
top, multijets

• Discriminant: BDT, including mbb, number of jets, b-tagging score...

26

0 50 100 150 200 250
S/

(S
+B

) w
ei

gh
te

d 
en

tri
es

0

100

200

300

400

500
Data
VH
VV

bZ + b
Z+udscg

bW + b

W+udscg

tt
Single top
VH
VV
MC uncert. (stat.)

CMS
-1 =  7TeV, L = 5.0 fbs

-1 =  8TeV, L = 18.9 fbs

m(jj) [GeV]
0 50 100 150 200 250

D
at

a/
M

C

0.5
1

1.5
2 MC uncert. (stat.) = 0.22dof/ 

2χ
0



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

(W/Z) H → bb: a look at the data
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ttH

• Direct access to top Yukawa coupling (gluon-fusion is a loop process)

• Complex final states, determined by top-quark decays and Higgs decays

• All jets: large BR but hard to disentangle from QCD multijets (H → γγ)

• Fully leptonic tt: very clean but very low BR  (H → bb)

• Lepton + jets: clean and relatively abundant (H → bb, τ τ, WW, ZZ, γγ)

28

σ ~ 130 fb @ 125.5 GeV
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ttH, H → γγ

• Standard H → γγ analysis requiring additional leptons and/or jets to enrich the 
sample in ttH production

• Very low statistics

• Leptonic and hadronic categories with ~80% ttH purity

• Small contamination from tH, WH (leptonic), gluon-fusion (hadronic)
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ttH, H → bb

• Final states with one or both W’s decaying to leptons

• Trigger and discrimination against QCD

• Very complex final states, multiple possibilities to combine jets to reconstruct 
Higgs or top decays 

• mbb is not a powerful discriminant
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ttH, H → bb

• No single final state with sensitivity: “divide and conquer”
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ttH combination

• ATLAS: 1.5σ observed (1.0σ expected)

• CMS: 3.5σ observed (1.2σ expected), 2.0σ above SM prediction

• Large excesses in same-sign di-muon and γγ analyses

32

=125.4 GeVH for mSM
Httσ/Httσ=

Htt
µbest fit 

-1 0 1 2 3 4 5 6 7 8 9

H combinedtt

bb (8 TeV)→Htt

 (7+8 TeV)γγ→Htt

 -1.1
+1.3= 1.6   

Htt
µ  -0.6

+0.6= 1.6           
Htt

µ

 -1.4
+1.5= 1.8   

Htt
µ  -0.7

+0.7= 1.8           
Htt

µ

 -1.7
+2.6= 1.2   

Htt
µ  -1.7

+2.5= 1.2           
Htt

µ

   ( tot )  ( stat )tot.
stat.

ATLAS Preliminary
2011-2012

-1L dt=4.5 fb∫=7 TeV, s
-1L dt=20.3 fb∫=8 TeV, s

 = 125.6 GeVH at mSMσ/σBest fit 
-10 -8 -6 -4 -2 0 2 4 6 8 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs



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

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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