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How Elementary Particles Acquire Mass
A fermion mass term is given byOnly left handed fields carry 
weak charge.


Via SSB the Higgs field “charges” the vacuum with a weak 
charge and the symmetry is preserved (“hidden”)  
 
 
 

The coupling of the Higgs to particles is proportional to the 
particles’ mass. The Higgs Boson will therefore decay with a 
higher probability to the heaviest particle kinematically available 

<H>

Lm = mψ Lψ R

φ = H + h       LH ⊃ gψφψ Lψ r = gψ H + h( )ψ Lψ R

gψ H ψ Lψ R + gψhψ Lψ R = mψψ Lψ R +
mψ

H
hψ Lψ R

V

BR(H → xx) = Γ(H → xx)
Σ xΓ(H → xx)

∼ mx
2
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Introduction
The mass of the Higgs Boson is not predictable by the SM.

Knowing the mass of the Higgs Boson all its SM couplings are 
predictable.    


If we could order  
a mass,  
we would order  
mH=120-130 GeV 

At this mass we have  
access to all  
decay modes!


WE WERE LUCKY
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Discovery Channels
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The Discovery 
Channels     
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H → γγ
BR(H → γγ )(mH ∼125GeV ) ∼ 2.3⋅10

−3
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Higgs Discovery Channels
Higgs decays to a pair 
of Photons  has a very 
clear signature
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qq '→ q ′q H → q ′q γγVBF
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Follow the di-photon
As  you accumulate 
statistics, the signal 
becomes apparent


The background is huge 
and comes mainly from 
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For	  Illustration	  Only

pp→ γγ + jets
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Follow the di-photon

A simplification to get the 
significance is by counting
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pp→ γγ + jets

Bexp = 7916

Ns = Nobs − Bexp = 468

σ obs ∼
s
b
= 468

7916
= 5.2

Ns,exp
γγ ~σ (pp→ H → γγ ) ⋅L ⋅ε ⋅A ≈ 409

σ exp =
409
7916

≈ 4.6

µγγ = σ (pp→ H → γγ )obs
σ (pp→ H → γγ )exp

∼
468
409

≈1.17 ± 0.27
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Follow the di-photon
As  you accumulate 
statistics, the signal 
becomes apparent


The background is huge and 
comes mainly from


Need to separate the 
Background from the 
Signal, otherwise you will 
be swamped by the 
Background
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pp→ γγ + jets
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Categorisation to improve sensitivity
Two energetic isolated 
photons
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Photons:	  	  High	  pT	  (~60	  GeV)	  well	  isolated	  



Eilam	  Gross,	  TAE	  Benasque	  2015

Categorization to improve sensitivity

ttH with at least one top 
with a semileptonic decay


ttH with both tops decay 
Hadronically
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ttH → bℓνbWH

ttH → bWhadbWhadH
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VH targeting
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Categorization to improve sensitivity

ZH → ℓℓH           γγ +di-lepton
WH → ℓνH         γγ +one lepton
ZH →ννH         γγ +missing energy
W / ZH → jjH     γγ +jets
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Categorization to improve sensitivity

2 back to back forward jets 
with no additional activity 
(but di-photon, in the central 
region)
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Categorization to improve sensitivity
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Categorization to improve sensitivity
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VBF	  tag

ttH	  tag

WH/	  
ZH	  	  
tag
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Follow the di-photon Categories

No weights are applied
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pp→ γγ + jets
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Follow the di-photon Categories

Events are weighted by 

1+s/b
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pp→ γγ + jets
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µ+

µ�

e�

e+
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H → ZZ * → 4ℓ,ℓ = e,µ
BR(H → ZZ *)(mH ∼125GeV ) ∼ 3%
BR(H → 4ℓ)(mH ∼125GeV ) ∼ 0.011%
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Higgs Discovery Channels

Higgs decays to a pair 
of Z Bosons which deac 
into a pair of leptons 
each (lepton=Muon or 
Electron) has a very 
clear signature.

Actually this channel is 
fully reconstructed!
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gg→ H → ZZ * → e+e−µ+µ−

4 channels :eeµµ,µµee,eeee,µµµµ
categories :

VBF mjj >130GeV

VHhad 40 < mjj <130

VHlep additional   ℓ
ggF
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Higgs Discovery Channels

Due to one Z being off-
shell, Z*, needs to 
control 

energy/momentum to 
very low values!
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Discovery Animation

22



Eilam	  Gross,	  TAE	  Benasque	  2015

Follow the 4 leptons
Educated Simplification
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Bexp = 21

Ns
obs = Nobs − Bexp = 37

σ obs ∼
s
b
= 37

21
= 8.1

Ns,exp
4ℓ ~σ (pp→ H → ZZ * → 4ℓ) ⋅L ⋅ε ⋅A ≈ 28

σ exp =
28
21

≈ 6.2

µ4ℓ = σ (pp→ H → 4ℓ)obs
σ (pp→ H → 4ℓ)exp

∼
37
28

≈1.44 ± 0.35
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H →WW * → ℓν ′ℓ ν
BR(H →WW *)(mH ∼125GeV ) ∼ 22%
BR(H → ℓνℓν )(mH ∼125GeV ) ∼ 0.76%



Eilam Gross Combined LHC Higgs Mass, Niels Bohr Institute, 5.5.2015

WW top Background (contains b quark)
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tt → bb + ℓ ′ℓ
Use	  anti	  b	  tag	  
Angular	  separation	  	  
between	  leptons





Israel Israeli University of Life, Hapishpeshim Market, Jaffa 27

σ obs = 6.5σ
σ exp = 5.9σ
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H->bb: W/ZH->W/Zbb BR(H → bb) = 57%



TauTauBR(H → ττ ) = 6%
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Mass Measurement 
Results     

30
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ATLAS Published analyses 
Phys. Rev. D. 90, 052004 (2014)
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Systematic uncertainty

l 4→ ZZ* →H 
-1

Ldt = 4.5 fb∫ = 7 TeV: s

-1
Ldt = 20.3 fb∫ = 8 TeV: s

ATLAS  

mH=125.98±0.50 GeV
=125.98±0.42 (stat.)±0.28 (syst.)

mH=124.51±0.52 GeV
      =124.51±0.52 (stat.)±0.06 (syst.)

H→γγ

ATLAS	  Combined:	  mH=125.36±0.41	  GeV	  (symmetrized	  uncertainties)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =125.36±0.37	  (stat.)±0.18	  (syst.)	  GeV

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-12/
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CMS Published analyses 
arXiv:1412.8662 (submitted to EPJ C)

CMS	  Combined:	  mH=125.02+0.29-‐0.31	  GeV	  	  
	  	  	  	  =125.02+0.26-‐0.27	  (stat.)+0.14-‐0.15	  (syst)	  GeV

32

124.70±0.31 (stat.)±0.15 (syst.) GeV

 Phys. Rev. D. 89, 092007 (2014)
With minor updates

 EPJ C 74 (2014) 3076

125.63+0.44-0.40 (stat.)+0.15-0.17 (syst.) GeV

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009PaperTwiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13002PubTWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13001PubTWiki
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LHC Higgs Mass 
combination

ATLAS meeting 20150129
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• ATLAS

                      =125.36±0.37 (stat.)±0.18 (syst.) GeV

34

• CMS

                   

35%

65%

CMS Weight
1

σ CMS
2

1
σ CMS

2 + 1
σ ATLAS

2

=

1
0.302

1
0.302 +

1
0.402

≈ 65%
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Profile Likelihood in a Nut Shell

35

n = µs + b     H0 = BG  only     Hµ = Signal  with strength  µ

L(µ) = Prob(data | µ) ~ e
− (µ−µ̂ )2

2σ µ̂
2

⇒ L(µ)
L(µ̂)

= e
− (µ−µ̂ )2

2σ µ̂
2

log L(µ)
L(µ̂)

= − (µ − µ̂)2

2σ µ̂
2

−2 log L(µ)
L(µ̂)

= (µ − µ̂)2

σ µ̂
2 = Z 2  (Z is the significance)

Λ(µ) ≡ −2 log L(µ)
L(µ̂)

          Z= Λ(µ)
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Profile Likelihood in a Nut Shell
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n = µs + b     H0 = BG  only     Hµ = Signal  with strength  µ

Λ(µ) ≡ −2 log L(µ)
L(µ̂)

          Z= Λ(µ)

Let  θi  be n Nuisance Parameters

Λ(µ) ≡ −2 log
max

θi
L(µ,θi )

max
µ ,θi

L(µ,θi )
≡ −2 log L(µ, ˆ̂θi )

L(µ̂,θ̂i )

Wilks Theorem    Λ(µ) ≡ −2 log
L(µ, ˆ̂θi |Hµ )
L(µ̂,θ̂i )Hµ )

~ χ1
2

Jargon:	  The	  Nuisance	  Parameters	  are	  Profiled
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Mass Measurement 
Parameterisation     

37



Eilam	  Gross,	  TAE	  Benasque	  2015

Nominal fit: which μ to profile?
• The nominal fit has four common parameters: 

38

mH µggH+ttH
γγ µVBF+VH

γγ µZZ

µi
f = µi ⋅ρ

f

µggF
γγ = µggF ⋅ρ

γγ =
σ ggF

σ ggF
SM ⋅ BR(H → γγ )

BR(H → γγ )SM



Eilam	  Gross,	  TAE	  Benasque	  2015

Nominal fit: which μ to profile?
• The nominal fit has four common parameters: 

• The combined mass of ATLAS+CMS is therefore given by the following profile 
likelihood test statistic 

• Systematics is modeled with ~300 Nuisance Parameters 
• 100 for shape parameters and normalization in Hγγ Background model  

(unconstrained) 
• Most of the remaining ones, correspond to experimental or theory (constrained) 

39

mH µggH+ttH
γγ µVBF+VH

γγ µZZ
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The Fit Model

• ATLAS is the other experiment

40

λ exp = µCMS

µATLAS λRV
exp = µVBF+VH

CMS

µVBF+VH
ATLAS λRF

exp =
µggF+ttH
CMS

µggF+ttH
ATLAS λZZ

exp = µZZ
CMS

µZZ
ATLAS

µCMS = µ µATLAS = µλ exp
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Systematics 
Correlations

41
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• The experiments are different;  
Different detectors and different methodology for systematic 
evaluation 

❖ Experimental systematics on γ, e and μ (energy/
momentum scale/resolution, efficiencies etc.) are 
uncorrelated 

• Only common theoretical uncertainties (QCD scale, PDF, BR)  
and partial luminosity were correlated

‣ It should be noted that the effect of these uncertainties is 
mainly normalisation so the effect on the mass is negligible 
(<10 MeV) 

Correlated Sytematics
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PDF and QCD scale uncertainties

43

Correlation rather straightforward:  
PDF uncertainties in ATLAS 4l analysis is uncorrelated 
between signal and background because the correlation is 
expected to be small. But in LHC combination they have 
been correlated to be consistent with CMS 4l treatment

±3%
±30%



Eilam	  Gross,	  TAE	  Benasque	  2015

BR Uncertainties
• Uncertainties below 0.3% were neglected 
• We were left with 5 NPs

44
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Luminosity Uncertainties

45

• Naturally part of the Luminosity uncertainty is common to ATLAS 
and CMS 
‣ 0.5% (0.6%) of ATLAS (CMS) Lumi @ 7 TeV 
‣ 1.1% (2.1%) of ATLAS (CMS) Lumi @ 8 TeV 

• Effect is negligible
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Other NPs
• Other NPs are the individual experiments NP 
• Main impact comes from those related to 

Calibration/Energy/Momentum/Scale and 
Resolution  

• The correlation of the calibration based on  
Z—>ee energy scale in both experiments turns 
out to be negligible 

46
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Impact of Systematics

47
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 Nick Wardle
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*

*Interference*effect*not*included*

 Nick Wardle
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Systema(c*uncertain(es*

*Interference*effect*not*included*

**

mH = 125.09± 0.21 (stat)

±0.11 (scale)

±0.02 (other)

±0.01 (theory)

GeV

Uncertainty*is*mostly*sta(s(cal*
*
Scale*uncertain(es*dominate*
systema(c*
**
**!*But*we*can*expect*that*to**************

*improve*with*more*data!*

Systema(c*contribu(on*evaluated*sequen(ally*“freezing”*nuisance*parameter*
groups*to*their*best*values*and*reDscanning*the*likelihood*ra(o…*

 Nick Wardle
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Results

52
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mH vs. μ contours

53

The best fit mH in contour (⨉) is not identical as mH measured 
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Some Examples
‣ Asses the tension between channels 
ΔmH(γγ-4l) 

‣ Asses the tension between experiments  
ΔmH(ATLAS-CMS)

54
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Tension in mH between decay channels

55

Tension in ATLAS
2.0σ

Tension in CMS
1.6σ

�mH(�� � ZZ⇤) = �0.08+0.50
�0.49 GeV No	  observed	  tension	  in	  

combined	  
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Tension in mH between experiments

56

Tension in γγ
2.1σ

Tension in 4l
1.3σ

�mH(ATLAS � CMS) = 0.41+0.48
�0.52 GeV

�mH(ATLAS � CMS)�� = 1.32+0.62
�0.61GeV�mH(ATLAS � CMS)ZZ⇤ = �0.90+0.68

�0.67GeV

No	  observed	  tension	  in	  
combined	  measurements	  
between	  experiments	  
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Reproduce Published results
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 [GeV]Hm
124 125 126 127 1280.001

7
Total

Stat.

Syst.

CMS and ATLAS

 Run 1LHCl+4γγ CMS+ATLAS

l 4CMS+ATLAS

γγ CMS+ATLAS

l4→ZZ→H CMS

l4→ZZ→H ATLAS

γγ→H CMS

γγ→H ATLAS
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Tension Between Experiments

58

 [GeV]Hm
124 125 126 127 1280.001

7
Total

Stat.

Syst.

CMS and ATLAS

 Run 1LHCl+4γγ CMS+ATLAS

l 4CMS+ATLAS

γγ CMS+ATLAS

l4→ZZ→H CMS

l4→ZZ→H ATLAS

γγ→H CMS

γγ→H ATLAS

2.1σ%

1.3σ%

Some	  tension	  between	  experiments	  but	  not	  
very	  significant	  
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No Tension Between Combined Channels
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 [GeV]Hm
124 125 126 127 1280.001

7
Total

Stat.

Syst.

CMS and ATLAS

 Run 1LHCl+4γγ CMS+ATLAS

l 4CMS+ATLAS

γγ CMS+ATLAS

l4→ZZ→H CMS

l4→ZZ→H ATLAS

γγ→H CMS

γγ→H ATLAS

No	  tension	  between	  channels	  in	  LHC	  
combina^on	  
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Fine Final Scan

60

mH = 125.09 ± 0.21(stat)± 0.11(syst)GeV
−2 lnΛ = 1⇒σ

σ tot
2 −σ Stat

2 =σ syst
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Combined Mass
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 [GeV]Hm
124 125 126 127 1280.001

7
Total

Stat.

Syst.

CMS and ATLAS

 Run 1LHCl+4γγ CMS+ATLAS

l 4CMS+ATLAS

γγ CMS+ATLAS

l4→ZZ→H CMS

l4→ZZ→H ATLAS

γγ→H CMS

γγ→H ATLAS

mH = 125.09 ± 0.21(stat)± 0.11(syst)GeV
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 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Conclusion
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