
Results from the LHC  
(excluding HI and flavor physics) 

■  Physics of EWSB 
◆  The Higgs boson and its discovery 
◆  Properties of the Higgs boson 

■  Electroweak Theory with mH known 
◆  Measurement of mt and mW 
◆  Overall consistency of EWK theory 

■  Searches for extended scalar sectors 
◆  2HDMs 

■  Pseudo-summary III 
◆  Open issues/questions in the scalar sector 
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Physics of EWSB 

The Higgs boson and its discovery 



P. Sphicas 
LHC Results 

Higgs mechanism (quick reminder) 
■  Spontaneous Symmetry Breaking:    

 roll to min in V 

 

■  φ: SU(2) doublet: 4 dof.  At min: 3 gone 
◆  Absorbed by W1,2,3 redefinition     

 (gauge transform).      
 Taking φ=(0 υ), 

■  This specifies in full the couplings to W and Z:  

■  And IFF it also gives mass to the fermions: 

Mar 13-17 2017 
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LHC Results 

SM Higgs boson: production 
■  Four main production mechanisms 

Mar 13-17 2017 
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Process σ(8 TeV) 
pb 

σ(14 TeV) 
pb 

ggF 19.3 49.9 
VBF 1.58 4.2 
WH 0.70 1.5 
ZH 0.42 0.88 
ttH 0.13 0.61 

σ(14 TeV) ≈ 2.5 σ(8 TeV) 



P. Sphicas 
LHC Results 

SM Higgs boson: decays 
■  Coupling proportional to mass → decays to heaviest 

available pair   
◆  Decays to two gluons, two photons possible via loops 

Mar 13-17 2017 
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P. Sphicas 
LHC Results 

H→γγ 
candidate 

Mar 13-17 2017 6 CLASHEP 2017 

pT(µ)= 36, 48, 26, 72 GeV;  m12= 86.3 GeV, m34= 31.6 GeV 
 

H→ZZ→4μ  
m4μ= 125.1 GeV 

e+: 21 GeV 
e–: 10 GeV 

H→ZZ→2μ2e  
m4l= 126.9 GeV 

H→γγ  

µ+: 43 GeV 

µ+: 24 GeV 

µ PT 
32 GeV e PT 

34 GeV 

MET 
47 GeV 

H→WW→μνeν  

Recall… 
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LHC Results 

Putting it all together, it was significant… 

Mar 13-17 2017 
CLASHEP 2017 7 
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Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4ℓ and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → ℓνℓν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4ℓ, (b) H → γ γ and (c) H → W W (∗) → ℓνℓν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

CMS Collaboration / Physics Letters B 716 (2012) 30–61 41

Fig. 13. The CLs values for the SM Higgs boson hypothesis as a function of the
Higgs boson mass in the range 110–145 GeV. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. (For
interpretation of the references to colour, the reader is referred to the web version
of this Letter.)

Fig. 14. The observed local p-value for 7 TeV and 8 TeV data, and their combination
as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

7.1. Significance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3.2σ and 3.8σ
significance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the significance is 5.0σ for
mH = 125.5 GeV. Fig. 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the γ γ and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined significance reaches 5.0σ (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the γ γ and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local significance 1.6σ for mH ∼ 125 GeV. When added to
the γ γ and ZZ decay modes, the combined significance becomes
5.1σ . Adding the ττ and bb channels in the combination, the final
significance becomes 5.0σ . Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.

Fig. 15. The observed local p-value for the five decay modes and the overall com-
bination as a function of the SM Higgs boson mass. The dashed line shows the
expected local p-values for a SM Higgs boson with a mass mH.

Fig. 16. The observed local p-value for decay modes with high mass-resolution
channels, γ γ and ZZ, as a function of the SM Higgs boson mass. The dashed line
shows the expected local p-values for a SM Higgs boson with a mass mH.

Table 6
The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for mH = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ ) Observed (σ )

γ γ 2.8 4.1
ZZ 3.8 3.2

ττ + bb 2.4 0.5
γ γ + ZZ 4.7 5.0
γ γ + ZZ + WW 5.2 5.1
γ γ + ZZ + WW + ττ + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV
is calculated using the method suggested in Ref. [115], and corre-
sponds to 4.6σ (4.5σ ). These results confirm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136].

Phys. Lett. B 716 (2012) 1

Phys. Lett. B 716 (2012) 30



And thus was born,  
on July 4th 2012,  

“a new boson” with mass 125 GeV;  
it decayed to two bosons  

(two γ; two Z; two W) 
 

It is not spin-1: it decays to two 
photons (Landau-Yang theorem) 

 
 

It is either spin-0 or spin-2 (could also be 
higher spin, but this is really disfavored) 

  



P. Sphicas 
LHC Results 

H→ZZ→4 leptons (I) 
■  σ x Br x L ≈ 72 events 

◆  After analysis cuts ≈ 20 
■  High signal-to-bkg: 2:1 
■  4 tight leptons (4e, 4µ, 2e2µ) 

◆  Gain efficiency: need to go low in pT 

■  Very good mass resolution ≈1-2% 
■  Main variable: four-lepton mass 

◆  But also: ME–kinematic discriminant    
 (adds 20% to overall sensitivity) 

Mar 13-17 2017 
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H#!#ZZ#!#4l##
#Event#Selec?on#Strategy##
•  4#“?ght”#leptons#(4e,'4μ,'2e2μ,'low'pT'is'important!)'
•  final#key#observables:#

•  fourIlepton#mass#is#the#key#observable#
•  MEIkinema?c#discriminant#(+20%#sensi?vity)#
•  VBF/VH#categories#(<1#expected#events)#

#Backgrounds##
•  ZZ#(dominant):#EWK&well&calculable&process&(use&MC)&
•  reducible#(WZ+jets,#Z+jets,#Z,#WW+jets,#…):#data=driven&

##
#Analysis#features#to#note#
•  small#event#yield:#20#events#
•  high#S/BIra?o:#beZer#than#2:1#(best'among'all)'
•  good#mass#resolu?on#(instrumental):#1I2%#

Andrey'Korytov'(UF)' Lake'Louise,''February'16,'2015' 9'

σ×B×L#=#72#events#

d =
ME !p1,

!p2,
!p3,
!p4 H( )

2

ME !p1,
!p2,
!p3,
!p4 ZZ( )

2

Backgrounds: 
Irreducible:  ZZ  
      (EWK, so use MC) 
Reducible: WZ+jets, 
Z+jets, Z, WW+jets  
      (data–driven) 
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LHC Results 

H→ZZ→4 leptons (II) 

Mar 13-17 2017 
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Search Strategy (I)
• ZZ→4! events form the dominant and 

irreducible background 

• Some additional reducible background 
from sources such as Z+jets, ttbar, etc.  

• Higgs signal produces a sharp bump 
on a smooth background mass 
distribution 

• We can see the signal peak building 
up around m(4!) ~ 125 GeV

4

Z→4! Peak

Signal Peak

Significance: 8.2 (exp: 5.8) 
Signal strength: µ=1.7±0.4 
mH = 124.5 ± 0.5 GeV 
ΓH < 2.6 GeV at 95% CL 

Significance: 6.7 (exp: 7.2) 
Signal strength: µ=0.9±0.3 
mH = 125.6 ± 0.4 GeV 
ΓH < 3.4 GeV at 95% CL 
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LHC Results 

H→ZZ→4 leptons (III): 13 TeV 
■  First 13fb–1 (ICHEP) 

Mar 13-17 2017 
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LHC Results 

H→γγ (I) 
■  σ x Br x L ≈ 1.3 x 103 events 

◆  After analysis cuts ≈ 470 
■  Large bkg from γγ (70%) and 
γ+jet (30%) production 
◆  Tight photon ID 

■  Very low signal-to-bkg: 1:20 
■  Very good mass resolution 
≈1-2% 
◆  Complication: vertex position 

unknown 
●  ATLAS: pointing from 

calorimeter; CMS: charged 
tracks 

■  Main variable: mγγ  

Mar 13-17 2017 
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+ 

H#!#γγ#

Andrey'Korytov'(UF)' Lake'Louise,''February'16,'2015' 11'

#Event#Selec?on#Strategy#
•  2#“?ght”#highIpT#photons#
•  vertex:#

•  CMS:#recoiling#charged#par?cles#only#
•  ATLAS:#poin?ng#EM#showers#(thanks#to#longitudinal#

segmenta?on#of#the#EM#calorimeter)#

•  key#observable:#diIphoton#mass##
•  split#events#into#exclusive#categories:#

•  diIjet/MET/e/μ#tagged#(VBF#and#VH#like)'
•  untagged#events#are#further#sorted#into#a#number#of#classes#

based#on#the#quality#of#photons#

#Backgrounds##
•  70%#from#prompt#γγ,#30%#from#jet+γ,#…#
•  en#re%background%=%fit%of%mγγ4distribu#on%fit%

#
#Analysis#features#to#note#
•  fairly#high#event#yield:#470#events#
•  bad#“effec?ve”#S/BIra?o:#1:20#
•  good#mass#resolu?on#(instrumental):#1I2%#
#

mγγ#

(signal)'x'5'

σ×B×L#=#1.3K#events#
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LHC Results 

H→γγ (II)

Mar 13-17 2017 
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Significance: 5.2 (exp: 4.6) 
Signal strength: µ=1.2±0.3 
mH = 126.0 ± 0.5 GeV 
ΓH < 5.0 GeV at 95% CL 

Significance: 5.7 (exp: 5.2) 
Signal strength: µ=1.1±0.3 
mH = 126.0 ± 0.5 GeV 
ΓH < 3.4 GeV at 95% CL 



P. Sphicas 
LHC Results 

H→WW (I) 
■  σ x Br x L ≈ 6.1 x 103 events 

◆  After analysis cuts ≈ 270 
■  Low signal-to-bkg: 1:10 
■  Two missing neutrinos → bad mass 

resolution 
◆  Main background from WW, tt; but also 

Wγ*, W+jets, Drell-Yan+jets 
■  Kinematic discriminant: collinearity 

◆  Implies low mass (for the two leptons) 

Mar 13-17 2017 
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H#!#WW#!#lνlν##

Andrey'Korytov'(UF)' Lake'Louise,''February'16,'2015' 14'

Event#Selec?on#Strategy##
•  two#“?ght”#leptons#(ee,#μμ,#eμ)#+#MET#

•  main#discrimina?ng#observables:##
•  mT#####I#transverse#mass##
•  mll#######I#diIlepton#mass#(tends#to#be#small#for#H!WW)#
•  pT#of#subIleading#lepton#(tends#to#be#small#for#H!WW*)#

•  split#events#into#exclusive#categories:#
•  untagged:#0I#and#1Ijet#separately#(Z#background!)#
•  VBF#diIjet#tag#
•  ATLAS:#ggIfusion#diIjet#tag#
•  CMS:#VH#diIjet#tag,###WH#I>#3l3v,###ZH#I>#2l+lv+jj#

#

Backgrounds#(many!)##
•  WW,#Z,#DY+jets,#W+jets,#Wγ:###data=driven&
•  ZW,#ZZ:###from&simula@on&
#
Analysis#features#to#note#
•  fair#signal#event#yield:##270#
•  not#too#good#“effec?ve”#S/BIra?o:###1:10#

•  poor#mass#resolu?on#(ν’s):#15%#

##

σ×B×L#=#6.1K#evts#

mT = inv. mass of mℓℓ,  "pT
ℓℓ( )  and  0, !pT

miss( )

H'
W–# W+#e–# e+#

ν# ν#

Higgs'(spin=0)'==>'small'dilepton'mass'
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LHC Results 

H→WW (II) 
■  Full and background-subtracted distributions 

Mar 13-17 2017 
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Physics of EWSB 

Properties of the Higgs boson – first generation 
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LHC Results 

H→ZZ→4leptons: angular analysis 

Mar 13-17 2017 
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Matrix Element Likelihood Analysis: 

uses kinematic inputs for  
signal to background discrimination 

{m1,m2,θ1,θ2,θ*,Φ,Φ1} 

17 
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LHC Results 

Spin-parity: it’s a 0+ 

Mar 13-17 2017 
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S=0 

 
 

S=2 (prodn via gg) 

 
 

S=2 (prodn via qq) 
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LHC Results 

H→ττ (I) 

Mar 13-17 2017 
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H#!#ττ#

Andrey'Korytov'(UF)' Lake'Louise,''February'16,'2015' 16'

Event#Selec?on#Strategy#
•  diItau#candidates#(eτh,#μτh,#eμ,#ee,#μμ,#τhτh)#+#MET#
•  key#observable:#diItau#mass#(including#MET)##
•  mostIimportant#event#categories:#

•  2Ijets#(VBFItag):#usual'reasons&
•  1Ijet:##gg!H&vs&qq!Z#
•  high/low#pT(ττ):##

–  beEer&di=tau&mass&resolu@on&
–  &also,&helps&with&gg!H&vs&qq!Z'

#
Backgrounds#(many!)##
•  Z!ττ,#Z!ee,#Z,&WIjets,#QCD:#from&control&regions&&
•  diIbosons:#from&simula@on&

Analysis#features#to#note#
•  small#signal#event#yield:#400#events#
•  poor#“effec?ve”#S/BIra?o:#1:50#
•  Higgs#boson#“blip”#is#on#the#falling#slope#of#the#Z#peak#
•  mass#resolu?on#(ν’s):#10%(τhτh),#15%(lτh),#20%(ll)#

σ×B×L#=#35K#events#

MET'
µ

e

2ν 

2ν 
'''''''boosted''
Higgs'boson'

DrellOYan'is'too'large…'

1'jet:'DY'gets'suppressed'more'

VBFIlike#jets:'DY'is'suppressed'a'lot'

■  σ x Br x L ≈ 35 x 103 events 
◆  After analysis cuts ≈ 400 

■  Low signal-to-bkg: 1:50 
■  Two missing neutrinos → bad mass 

resolution 
◆  τhτh: 10%; lτh: 15%; ll: 20% 
◆  Main background from Z→ττ, Z→ee, tt, 

W+jets, QCD (data-driven) 
●  Challenge: sitting on falling Z bkg 

◆  WW: from MC 
■  Discriminant: cut-based (CMS) or 

BDT (ATLAS) 
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LHC Results 

H→ττ (II)  

Mar 13-17 2017 
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Significance: 4.5 (exp: 3.5) 
Signal strength: µ=1.4±0.4 

Significance: 3.3 (exp: 3.7) 
Signal strength: µ=0.8±0.3 
mH = 126.0 ± 0.5 GeV 
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LHC Results 

H→bb 
■  Highest Br, but still very challenging 
■  Cannot use inclusive H production: only VH (and ttH) 

◆  Use leptonic decay (and trigger) 
◆  Very large backgrounds: VV, V+bb, tt → use a BDT 

Mar 13-17 2017 
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Bkg-subtracted 
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LHC Results 

H→bb: significance 
■  CMS: 2.1 σ (expected: 2.1 σ)  
■  ATLAS: 1.4 σ (expected: 2.6 σ) 

Mar 13-17 2017 
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µ=0.5±0.3±0.2 µ=1.0±0.5 
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LHC Results 

Higgs fermionic decays (combined) 

Mar 13-17 2017 
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H→ττ + H→bb 

Significance Exp Obs 
CMS (ττ)  3.4 σ 3.2 σ
CMS (bb) 2.1 σ 2.1 σ

3.8 σ



Physics of EWSB 

Properties of the Higgs boson –  
second generation results  

(plus combinations) 
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LHC Results 

Higgs boson couplings 
(production&decay) 
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µ CMS( )    = 0.97± 0.09(stat)± 0.05(exp)±0.03
0.04 (thbkg)±0.07

0.08 (thsig)

µ ATLAS( ) =1.20± 0.10(stat)± 0.06(exp)± 0.04(thbkg)±0.07
0.08 (thsig)

µ LHC( ) =1.09±0.10
0.11

Production Decay 

Assumes 
SM H Brs 

Assumes 
SM H σ
(ΓBSM=0)
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LHC Results 

Higgs boson: 13 TeV results 
■  Based on first 13fb–1 (ICHEP) 

◆  Sensitivity similar 

Mar 13-17 2017 
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LHC Results 

Higgs couplings 
■  Effective coupling modifiers 

◆  κf: Fermions (all: t, b, τ) 
◆  κV: Bosons (all: W, Z) 
◆  κg & κγ: f(κt,κb,κW) assuming SM 

Mar 13-17 2017 
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Probe 
presence of 
extra particles 
in loops 

ggF gg→H: κg   

H→gg: κγ   

p(data;SM)
=82% 
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LHC Results 

BSM couplings 
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CERN-LHC Seminar 27/01/15 P. Musella - HIggs Mass and Couplings from CMS 43

Room for BSM decays?

 Strength of observed channels can be used to infer the one 
of unobserved ones.

 The inferred constraints depend on the assumptions being 
made.

 In these parameterizations, contributions to the total with can 
be classified as:

Γtot = ∑
fix

Γd +∑
float

Γd (k j)+ Γinv +Γundet

Decay widths 
fxied to SM value.

Decays widths 
associated to 
floating coupling 
modifiers.

Decays to weakly
interactive particles.

Undetected decays
not predicted by SM.

⏞
Γ
BSMTwo scenarios: 

BSM decays (H) 
with constraint     
|κV| ≤1 
No BSM decays 
(H), no weak 
constraints 

Stefan Guindon   University at Albany      Higgs Couplings 2016Nov 9, 2016

BSM loops or decays

21

l Allowing for BSM physics in the coupling modifiers
l Effective coupling parameters for loop processes (include only 

coupling modifiers for κg and κγ) 
l Allow deviations to any tree-level coupling 

l Two scenarios:
l Allow BSM decays of the Higgs with constraint |κV| ≤ 1 
l Do not allow BSM decays of the Higgs, no weak constraints

Z , W , t, ⌧ ,
b, g, � , BBSM

BBSM < 0.34 (0.39) at 95% CL 
observed (expected)

�H = �SM
H ⇥ 2

H

1�BBSM

95% CL: 
BBSM<0.34 
(0.39 exp) 
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LHC Results 

Higgs boson couplings: non-universal;  
in fact, proportional to mass… 
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Mass power parametrization 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

163 

!  Vev modifier and power 
of coupling to mass: 
!  Gauge bosons: 

κV = vev × mV
2�/M1+2� 

!  Fermions: 
κf = vev × mf

�/M1+� 

!  For SMH, M = vev = 
246.22 GeV and ε = 0. 

[CMS-PAS-HIG-14-009] [arxiv:1207.1693] 

Resolving SM contributions 

!  Individual coupling 
scaling factors: 
!  κW, κZ, κb, κt, κτ. 
!  All loops resolved: 

"  κγ(κW, κt) 
"  κg(κt, κb) 

!  SMH width scaled. 

!  “Reduced” couplings 
as function of “mass”: 
!  λf = κf (mf/vev) 
!  (gV

/2vev)1/2 = κV
1/2 

(mV/vev) 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

162 [CMS-PAS-HIG-14-009] [arxiv:1303.3570] 

Mass power parametrization 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

163 

!  Vev modifier and power 
of coupling to mass: 
!  Gauge bosons: 

κV = vev × mV
2�/M1+2� 

!  Fermions: 
κf = vev × mf

�/M1+� 

!  For SMH, M = vev = 
246.22 GeV and ε = 0. 

[CMS-PAS-HIG-14-009] [arxiv:1207.1693] 

Fit to combined 
ATLAS-CMS κV, κF 

One coupling/(SM particle) 
Loop couplings: in terms of 
tree-level couplings (i.e. 
assume SM; no BSM decays) 
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LHC Results 

I Anderson, L QuertenmontCMS WGM 183, 30 Apr 14 5

• As suggested in a recent paper2, we can make a model-
independent measurement of the Higgs width 

!

!
• Allows for direct measurement of total width as long as 

ratio of coupling constants in on-peak v off-peak remain 
unchanged 

• mZZ distribution can be used alone, but kinematic 
discriminants can improve sensitivity 

!

!

• Interference is significant at high masses, accounted for 
in analysis of off-shell signal

Theoretical Background

2Caola, Melnikov (Phys Rev D 88 (2013) 054024)
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I Anderson, L QuertenmontCMS WGM 183, 30 Apr 14 5

• As suggested in a recent paper2, we can make a model-
independent measurement of the Higgs width 
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ratio of coupling constants in on-peak v off-peak remain 
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• mZZ distribution can be used alone, but kinematic 
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Probing the Higgs width via H→ZZ 
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CLASHEP 2017 30 

Analysis overview

Use gg ! 4` (GG2VV and MCFM for ZZ ! 4`, GG2VV
only for ZZ ! 2`2⌫) and VV ! 4`, 2`2⌫ (Phantom)
MC samples including signal, background and interference
e↵ects to simulate the o↵shell Higgs production

Build probability templates for signal, background and
interference using m4` and a kinematic discriminant Dgg

in case of ZZ ! 4`

Build probability templates for signal, background and
interference using mT

ll in case of ZZ ! 2`2⌫

Use information in the high mass to establish an upper
bound on the width

Ptotal = µrPgg!H!4` +
p
µrPinterference + Pgg!4`

r = �/�SM, µ - signal strength

Similar probability templates for VBF
8 / 67

Width constraints from o↵-shell Higgs
Direct measurements: � < 3.4 GeV

o↵-shell Higgs boson production is small but the BR to 2
real Z is large above 2mZ

under change of width, peak yield remains constant if we
scale the couplings in appropriate way

�pp!H!ZZ ⇠
g 2
Hggg

2
HZZ

�

o↵-shell Higgs yield is proportional to this scale

d�pp!H!ZZ

dM2
4`

⇠
g 2
Hggg

2
HZZ

(M2
4` � m2

H)
2 +m2

H�
2

See more details:
arXiv:1307.4935, arXiv:1311.3589
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e↵ects to simulate the o↵shell Higgs production
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in case of ZZ ! 4`
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Fit high-M with combination: 

I Anderson, L QuertenmontCMS WGM 183, 30 Apr 14
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m4l & Dgg Distributions/Yields

PaperPaper

Twiki

I Anderson, L QuertenmontCMS WGM 183, 30 Apr 14

Combination

40

Twiki

Paper

• Higgs Combination Tool is used 

• Uncertainties are treated as correlated when applicable: 

• Theory uncertainties on normalization of qq→ZZ 
Bkg.  

• K-factors, Renormalization and factorization scales 

• PDF uncertainties 

• PU, Lepton Eff and Scale, etc.

95% CL  
Upper Limit  
r < 5.4ΓHSM 

(ΓH < 22 MeV) 



P. Sphicas 
LHC Results 

Production properties 
■  Differential distributions 

◆  Use fully-reconstructed modes (H→γγ, H→4l) 

Mar 13-17 2017 
CLASHEP 2017 31 

QCD test Physics in Loops Couplings (CP) 



P. Sphicas 
LHC Results 

Last missing parameter of the SM: MH  
■  Measurement uses H → ZZ* → 4l and H → γγ 

Mar 13-17 2017 
CLASHEP 2017 32 

Combined mH measurement 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

150 [CMS-PAS-HIG-14-009] 

δMH/MH ~ 0.2% (!) 

MH ≈ 125 GeV (!???) 

2.0σ

1.6σ

a farce or a deep message? 

γγ:  Δm[ATLAS–CMS] = +1.3 ± 0.6 GeV (2.1σ)   
4ℓ:  Δm[ATLAS–CMS] = –0.9 ± 0.7 GeV (1.3σ) 

More later 



P. Sphicas 
LHC Results 

■  σ x Br x L ≈ 120 events 
◆  After analysis cuts ≈ 45 (but buried in Z/DY background) 

■  Tiny signal-to-bkg: 1:150 
■  Very good mass resolution (1-2%) 
■  Discriminant: mass 

■  Limits: ATLAS µ<7.0 (exp: 7.2); CMS µ<7.4 (exp: 6.5) 
◆  Still far away from SM value… 

Rare decays (I): H→µµ

Mar 13-17 2017 
CLASHEP 2017 33 



P. Sphicas 
LHC Results 

Rare decays: H→Zγ→llγ

Mar 13-17 2017 
CLASHEP 2017 34 

■  σ x Br x L ≈ 56 events 
◆  After analysis cuts ≈ 15 (but buried in Z/DY background) 

■  Tiny signal-to-bkg: 1:200 
■  Very good mass resolution (1-2%) 
■  Discriminant: mass 

■  Limits: ATLAS µ<11 (exp: 9); CMS µ<10 (exp: 10) 
◆  Still very far away from SM value… 



P. Sphicas 
LHC Results 

Not-so-rare: ttH production 
■  Main channel: H decays to bb 

◆  But also γγ, ττ, 3l, 4l… 

Mar 13-17 2017 
CLASHEP 2017 35 



Electroweak Theory with mH 
known 

Measurement of mt and mW 



P. Sphicas 
LHC Results 

Top mass: traditional methods (I) 
■  One isolated lepton (e or µ), ≥4 jets, 2 b-jets  
■  Kinematic fit → reconstruct tops;  

◆  ideogram method: simultaneous measurement of 
mt and JSF, assuming JSF normally distributed 
(mean 1) and uncertainty as σ. 

■  Event-by-event fit 
◆  3-jet invariant mass → mt  
◆  mW in W→qq → jet scale factor (JSF)  

Mar 13-17 2017 
CLASHEP 2017 37 

 [GeV]reco
Wm

0 50 100 150 200 250 300D
a

ta
/M

C

0.5

1

1.5

 P
e

rm
u

ta
tio

n
s 

/ 
5

 G
e

V

5000

10000

15000

20000

25000
 correcttt
 wrongtt

 unmatchedtt
Data

Single t
W+jets
Z+jets
QCD multijet
Diboson

 (8 TeV)-1Lepton+jets, 19.7 fbCMS

 selection
gof

After P

 [GeV]fit
tm

100 200 300 400D
a

ta
/M

C

0.5

1

1.5

 P
e

rm
u

ta
tio

n
s 

/ 
5

 G
e

V

2000

4000

6000

8000

10000

12000
 correcttt
 wrongtt

 unmatchedtt
Data

Single t
W+jets
Z+jets
QCD multijet
Diboson

 (8 TeV)-1Lepton+jets, 19.7 fbCMS

 selection
gof

After P

 [GeV]tm

172 172.5

JS
F

1

1.001

1.002

1.003

1.004

1.005

1.006

1.007

1.008 2D

Hybrid

1D

 (8 TeV)-1Lepton+jets, 19.7 fbCMS

Jan Kieseler

‘Standard’ Methods: l+jets

4

•Require 1 isolated lepton, ≥4 jets, 2 b-jets 
•Reconstruct top-pair system with kinematic fit 
•Use ideogram method to determine simultaneously 
‣ Event-by-event fit 
‣ Top-quark mass from 3-jet invariant mass  
‣ Jet scale factor (JSF) from invariant mass of jets from 

hadronic W decays (calibrate to W mass) 
•Apply constraints from jet-energy uncertainties to 

JSF (“hybrid approach”) 
• Calibrate fitted mass to top-quark mass using MC

La Thuile
Feb 2013 R. Wallny: Top Production at CMS

tt Event Signatures

5

Introduction

Cross Sections

� tt cross section at LHC 20
times larger than at Tevatron

� gg fusion is dominating
production process

tt Decay Channels

full hadronic: largest branching fraction
large QCD background

single lepton: golden channel

dileptonic: clearest signature
small fraction
underconstrained kinematics
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Top pair event signatures
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27Jeannine Wagner-Kuhr Bonn, 12th January 2012

tt event reconstruction using lepton+jets channel 
(CDF)

Perform kinematic fit to top pair event hypothesis:

Constraints: MW=80.4GeV/c², Mt=175GeV/c²,

     Assign identified b-jets to b-quarks

 Float jet pT within uncertainties

 Take hypothesis with smallest χ² 

Several event hypotheses due to jet-parton assignment
ambiguities and due to unknown pz of neutrino

Lepton charge q defines charge of leptonically (l) decaying top

    q=+1 → lept. top  , q = -1 → lept. antitop

Assume that hadronically (h) decaying top quark has opposite charge

    q=+1 → had. antitop  , q = -1 → had. top

Sensitive variables:

and

τ-

BR ~ 15%

tau+jets

_
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

BR ~ 30%

lepton+jets:

All experiments have measured tt in all decay channels (except ττ)

In SM, B(t→ Wb)~100%
- presence of b-quark 
- final states with complementary 

S/B ratio 
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P. Sphicas 
LHC Results 

Top mass: traditional methods (II); 
all-hadronic mode 

Mar 13-17 2017 
CLASHEP 2017 38 

No leptons  
≥ 6 jets, 𝑝𝑇 > 25 GeV  
≥ 5 jets, 𝑝𝑇 > 60 GeV  
MET < 60 GeV  
≥ 2 b-tags (of 6 lead jets) 
Δ𝜙(𝑏1,𝑏2) > 1.5  Choose 

combination 
with min χ2 



P. Sphicas 
LHC Results 

Top mass: traditional methods (III); 
dilepton mode  

■  Analytical Matrix Weighting Technique (AMWT) method 
◆  Reconstruct each evt 500 times, varying jet pT with Gaussian 

distribution with σ the JEC uncertainty 
◆  Assign evt-by-evt weights for each mt 

Mar 13-17 2017 
CLASHEP 2017 39 

Two isolated OS leptons  
In ee/µµ: MET + exclude 
±15 GeV around Z 

x1, x2: initial parton 
momenta (fractions of p). 
p(E*±): probability to have 
lepton with energy E* in 
top CM frame. 
Each evt: mAMWT=mt with 
maximum average weight. 
Templates with 
151<mt<199 GeV 
→ binned likelihood fit 



P. Sphicas 
LHC Results 

mt alternatives (I); from σ(tt) 
■  Common to both:  

◆  Most accurate QCD estimate: 
NNLO+NLLL with TOP++ 
◆  Constrain αs(MZ)  to world value (0.118) 

■  Dilepton channel 

  
◆  Δσtt driven by luminosity and PDFs 

■  Single-lepton channel  
◆  Constrain αs(MZ) to world value 
◆  Simultaneous fit of σ and mMC. 
◆  Joint likelihood measured⊗predicted→mt. 

Mar 13-17 2017 
CLASHEP 2017 40 

The image cannot be displayed. Your computer may not have enough 
memory to open the image, or the image may have been corrupted. 
Restart your computer, and then open the file again. If the red x still 
appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have 
enough memory to open the image, or the image may have been 
corrupted. Restart your computer, and then open the file again. If 

mt
pole =172.3±2.3

2.7  GeV



P. Sphicas 
LHC Results 

mt alternatives (II); from tt+jets 
■  tt + extra jets: QCD info → mt 

◆  Extract mt from: 

 
◆  ATLAS semileptonic: 

●  Beyond stats, main uncertainties 
[GeV]: JES (0.96) µF&µR (0.5-1.0) 

◆  CMS: dileptons 

●  Main uncertainties [GeV]: tt+jet 
modeling (3.5), µF&µR (2.5), ME-PS 
matching (1.5) 
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mt
pole =169.9±1.1 (stat)± 3.1

2.5  (syst) ±1.6
3.6  (theo) GeV

mt
pole =173.7±1.5 (stat)±1.4 (syst) ±0.5

1.0  (theo) GeV



P. Sphicas 
LHC Results 

mt alternatives (III); from mℓb 
■  MT2: originally proposed for SUSY  
    searches (two missing particles;  
    also yields info on Mmiss) 

◆  Apply to tt production, dileptons, with mν=0 
■  mt information also in m(lepton+b) 

◆  Fit mlb, MT2
bb; combine 1D(mt) and 2D(mt,JSF) 

●  mt=0.8mt
1D+0.2mt

2D 

◆  Main uncertainties [GeV]: pT
t (0.5),  µF&µR (0.45), JES (0.45) 
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with 3–5 tracks inside jets; both ℓ+jets & ℓℓ channels 

◆  Combined fit of 15 mℓSV distributions 
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F ch ¼
pTðSVÞ
j
P

ch ~pTj
:

Effects arising from mismodeling of the overall kin-
ematic properties of the event are canceled, to first
approximation, by studying the ratio of the two momenta,
in which the secondary vertex serves as a proxy for the b
hadron and the charged particles represent the full momen-
tum of the initial b quark. Note that this observable is not
sensitive to variations in the jet energy scale, as it makes use
only of the charged constituents of the selected jets. The
observed and predicted distributions for F ch in Z þ jets
events are shown in Fig. 2 (top), separately for vertices with
three, four, and five tracks. For each plot the average of the
distribution in the data is compared to the MC prediction
using different b fragmentation tunes. The data appear to
favor softer fragmentation shapes such as the Z2% and
Peterson tunes. However, in this selection a significant
fraction of the selected jets stems from the hadronization of
light and charm quarks which are not changed by the event
reweighting procedure used to compare the different tunes.
Likewise, the Z2% LEP rb tune only affects the simulated

fragmentation of b quarks and was obtained using data
from LEP enriched in jets from b quark hadronizations, and
hence is not expected to correctly describe charm and light
quark fragmentation.
In the sample of tt̄ events, selected as described in

Sec. II C, and used later for the top quark mass extraction,
the selected jets are expected to contain a significantly
larger fraction of b quarks. From simulation, we expect a
negligible dependence of F ch on the kinematic properties
and mass of the top quarks, making this distribution
appropriate to compare different fragmentation models.
The equivalent distributions of secondary vertex properties
in tt̄ events are shown in Fig. 2 (bottom).
The observed distributions in this signal selection are

generally well described by the central (Z2% LEP rb) tune,
but the comparison of the mean values ofF ch—as shown in
the top panels of the plots—reveals differences between the
various fragmentation shapes. Unlike in the Z þ jets data,
the Z2% tune shows the largest deviation with respect to the
tt̄ data among the studied variations, whereas the Z2% LEP
rb fragmentation shape is in better agreement. Furthermore,
the hard and soft variations of Z2% LEP rb, corresponding to

FIG. 2. Distributions of the ratio of the transverse momentum of secondary vertices to the charged component of the jet with three,
four, and five tracks (from left to right) in Z þ jets dilepton (top) and tt̄ dilepton events (bottom), compared to the expected shape using
the Z2% LEP rb fragmentation tune. In each plot, the top panels compare the average of the distribution measured in data and its
statistical uncertainty (shaded area) with that expected from different choices of the b quark fragmentation function in PYTHIA. For Z2%

LEP rb, the error bar represents the & variations of Z2% LEP rb.
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Main uncertainties [GeV]:        
b fragmentation [1.0];        
pT

t [0.8], ME generator [0.4] fikðmsvljmtÞ ¼ λGasymðmsvljμðmtÞ; σLðmtÞ; σRðmtÞÞ
þ ð1 − λÞΓðmsvljγ; β; νðmtÞÞ:

The shape parameters are the mean of the Gaussian peak
(μ), the left and right width parameters of the Gaussian (σL
and σR), the shape parameter of the Gamma distribution (γ),
its scale (β), and its shift (ν). Of these, all but γ and β show
some usable sensitivity to the top quark mass.

The results of the fits to the observedmsvl distributions in
all fifteen categories are shown in Figs. 6 and 7 for the
dilepton and semileptonic channels, respectively.
The final results for the top quark mass are then extracted

by performing a binned maximum-likelihood estimation
where the observed data are compared to the expectations
using Poisson statistics. The combined likelihood is then
written as:

Lðmt; μ; ~θbkgÞ ¼
Y5

c¼1

Y5

n¼3

YNbins

i¼1

P½Nobsðmi
svlÞ; Nexpðmt; μ; θbkg; mi

svlÞ&Gð0; θ
c;n
bkg; 0.3Þ;

where the products of the Poisson-distributed yields (P)
over every channel (c), track multiplicity category (n), and
msvl bin (i) are multiplied by a penalty Gaussian function
for the correction of the expected background yields (G),
with a fixed width of 30%, corresponding to the uncertainty
in the background normalization. Finally, the combined
likelihood is maximized to obtain the final mt result. The
analysis has been developed using simulated events, with-
out performing the final fit on the data until the full
measurement procedure had been validated.

The method is calibrated separately in each channel and
track multiplicity bin before combining them by running
pseudoexperiments for each generated top quark mass point
and calculating a linear calibration function from the
respective extracted mass points. Pseudodata are generated
from the combined expected shape of the top quark signals
and the mixture of backgrounds with the number of
generated events taken from a Poisson distribution around
the expected number of events in each category. Thewidth of
the pull distributions, i.e. the observed bias of each fit
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FIG. 7. Template fits to the observedmsvl distributions for the semileptonic channels (e and μ from top to bottom row), and for exactly
three, four, and five tracks assigned to the secondary vertex (from left to right column). The top panels show the bin-by-bin difference
between the observed data and the fit result, divided by the statistical uncertainty (pull). The inset shows the scan of the negative log-
likelihood as a function of the calibrated top quark mass, accounting only for the statistical uncertainty, when performed exclusively in
each event category.
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mt alternatives (V); from mℓJ/ψ
■  Same principle as in m(ℓ+b); both 
ℓ+jets & ℓℓ channels 
◆  Very clean but small B(J/ψ→µµ) → 

limited by statistics (rare at the LHC); 
plus: stands to improve 

●  MC-based calibration 
◆  Main syst uncertainties [GeV]:                        

pT
t [0.65], µF&µR [0.55], ME-PS 

matching [0.45] 
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1

1 Introduction
The top quark is the most massive particle in the standard model (SM), with the largest Yukawa
coupling to the Higgs boson. The mass of the top quark (mt) is a fundamental parameter of the
SM, playing a key role in radiative electroweak corrections [1, 2] and likely in the mechanism
of electroweak symmetry breaking [3]. Therefore, a precise determination of mt is essential for
a better understanding of the SM.

Since the first observation of the top quark [4, 5], measurements of its mass have relied on
the reconstruction of its decay products. These measurements are currently dominated by
systematic uncertainties, related to the b-jet energy scale and the modeling of soft quantum
chromodynamics (QCD) effects such as b quark hadronization and the underlying event [6, 7].
Currently, the most precise measurement of mt, 172.44± 0.13 (stat)± 0.47 (syst) GeV, is from the
combination of measurements at 7 and 8 TeV by the CMS experiment [7].

In this paper, a measurement is presented of mt from partial reconstruction of top quarks in
leptonic final states that contain a J/y meson from a b hadron decay. Both top quark-antiquark
pair (tt) and single top quark production are considered to be signal in this study. The decay
mode of interest is t ! (W ! `n) (b ! J/y + X ! µ+µ�

+ X) and is shown (for tt production)
in Fig. 1. Here and everywhere, the charge conjugation is implicit. As suggested in Ref. [8]
and refined in Ref. [9], the value of mt is determined through its correlation with the mass
of the J/y + ` system, where ` is either an electron or muon produced in the decay of the
accompanying W boson (either directly or via a t lepton) in the same top quark decay. The
branching fraction is expected to be (1.5 ± 0.1)⇥ 10�4, but the presence of three leptons in the
final state, two of which originate from the J/y meson decay, provides a nearly background-free
sample of events.

¯

t

¯

b

W

�
j/`�

j/⌫̄

t

W

+

b

b hadron

⌫

µ+
(e

+
)

J/ 

µ+

µ�

Figure 1: Pictorial view of the J/y meson produced in a tt system. The kinematic properties of
the particles represented with dashed lines are used to infer mt.

This measurement is based on data collected in pp collisions at a center-of-mass energy of 8 TeV
with the CMS detector at the CERN LHC. Simulated events generated at different top quark
masses are used to calibrate the method and evaluate its performance, as well as to estimate
systematic uncertainties. The main advantage of this analysis lies in the determination of mt
using only leptons. In this way, the dependence of the measurement on several dominant sys-
tematic uncertainties linked to initial- and final-state radiation, jet reconstruction and b tagging
techniques, is considerably reduced. The drawback is the expected sensitivity to the modeling
of b quark fragmentation, and the limited number of events in the selected sample on account
of the small branching fraction.

CMS-TOP-15-014 

Additional uncertainty 
from b fragmentation 
[0.30 GeV] 
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mt alternatives (VI); from single-t  
■  Leptonic decays of W; use neural net to clean signal 
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Table 1: Variables used as input to the neural network ordered by their importance, as estimated from the
total correlation loss to the target caused by the removal of each specific variable.

loss of total loss of total
Variable correlation (%) Variable correlation (%)
m(ℓνb) 38 EmissT 7
m( jb) 31 mT (W) 7
m(ℓb) 18 cos θ(ℓ, j) in the top quark rest frame 6
|η( j)| 14 pT (W) 3
η(ℓν) 13 η(lνb) 2
HT (ℓ, jets, EmissT ) 10 ∆R(ℓ, ℓνb) 1
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Figure 2: Kinematic distributions of the two most significant variables in the signal region normalised to
unit area for single-top t-channel and other processes: the invariant mass of the reconstructed top quark
(a), invariant mass of the reconstructed light jet plus reconstructed b-tagged jet (b).

ensure that using a signal sample with a fixed top quark mass does not bias the result of the measurement.
Different discriminating variables including variables obtained from the reconstructed W-boson and

the top quark are explored. To reconstruct the four-momentum of the W-boson, the neutrino four-
momentum is derived from the measured p⃗missT because it cannot be measured directly. Given the lepton
four-momentum, the neutrino longitudinal momentum, pνz , is calculated by imposing a kinematic con-
straint on the invariant mass of theW-boson, (pW )2 = (pℓ+ pν)2 = m2W = (80.4 GeV)

2, where pW , pℓ and
pν are the four-momenta of theW-boson, charged lepton and neutrino, respectively. In case of a solution
for which pνz is real, the twofold ambiguity is resolved by choosing the smallest |pνz | solution, because the
W-boson is expected to be produced with small pseudorapidity. In about 30% of the events the relation
has imaginary solutions. In these cases, the value of EmissT is rescaled by a factor such that the imaginary
part vanishes. The top quark candidate is reconstructed by adding the four-momentum of the b-tagged
jet to the four-momentum of the reconstructed W-boson.

Variables are selected as inputs to the neural network such that for a minimal number of variables
the best possible separation between the signal and background processes is achieved. Each variable is
initially tested for agreement between the MC background model and observed data events in the control
region and, taking into account potential signal contributions, is also tested in the signal region. This
leads to 12 variables remaining for the network. Table 1 shows a summary of the variables ordered
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Figure 4: (a) Neural network output distribution in the control region normalised to the result of the
binned maximum likelihood fit used to determine the fraction of multijet events. (b) Neural network out-
put distribution in the signal region normalised to the number of expected events estimated in [49]. The
relative difference (Oi−Ei)/Ei between the observed Oi and expected Ei number of events in each bin i is
shown in the lower histogram. The hatched band indicates the statistical uncertainty from the simulated
samples size, the systematic uncertainty on the relative top normalisation and the systematic uncertainty
on the multijet normalisation in (a) and statistical uncertainty and on the W+jets normalisation in (b).

in the control and signal region. The distributions are normalised using the scale factors of the different
processes obtained in the binned maximum likelihood fit to the EmissT distribution. The resulting neural
network output distributions for the various processes in the control region are shown in Figure 4(a),
while in Figure 4(b) the same distribution in the signal region is shown. Signal-like events have output
values close to one, whereas background-like events accumulate near zero. In [49] it was shown that the
contribution from single-top t-channel production is slightly underestimated while the contribution from
other top quark processes is slightly overestimated in simulation. The resulting scale factors, for the
t-channel production of 1.07 and for the remaining top quark processes of 0.87, are taken into account in
the top mass measurement. To enhance the signal sample with single top and tt̄ events a cut on the neural
network output variable larger than 0.75 is chosen. In the signal region 19833 events that fulfill this
cut are observed in data while the expectation from SM backgrounds amounts to 19470 ± 2700 events.
The number of expected events is calculated using the acceptance from MC samples normalised to their
respective theoretical cross sections. The uncertainties are defined by the corresponding uncertainty on
the theoretical cross section or, in case of the multijet background, the uncertainty of the normalisation.
Table 2 summarises the event yields in the signal region and the selected subsample used to measure the
mass of the top quark for each of the processes considered. Since in both cases, a fit to data is performed,
the expected and observed yields agree well. After the full event selection the expected fraction of
non-top quark background is about 28% and the fraction of tt̄ events is about 26%.
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1 loose 
b tag 

1 tight 
b tag 

Main uncertainties 
[GeV]: JES [1.5]; 
modeling of t-
channel single t 
[0.7] 

mt
pole =172.2

        ± 0.7 (stat)
        ± 2.0 (syst) GeV

Table 2: Predicted and observed event yields for the signal region (SR), for all selected events and events
that fulfill a cut on the neural network (NN) output variable larger than 0.75. The multijet background
estimation is derived from collision data based as discussed in Section 5 and the quoted uncertainty is
the total uncertainty, dominated by the systematic uncertainty assignment of 50%. In the signal region
SR (NN > 0.75), the data driven correction factors for the top processes are applied as well as the cor-
responding uncertainties. All the other expectations are derived using theoretical cross sections, and the
corresponding uncertainties are theoretical. Since in both cases, a fit to data is performed, the expected
and observed yields agree well.

Process SR SR (NN > 0.75)

t-channel 18100 ± 1800 9100 ± 1300
tt̄,Wt, s-channel 54200 ± 4300 4940 ± 600
W+jets 51000 ± 28000 4090 ± 2200
Z+jets, diboson 6900 ± 1700 360 ± 90
Multijet 12200 ± 6100 950 ± 480
Total expectation 142000 ± 29000 19470 ± 2700
Data 143332 19833

7 The Template Method

In order to measure the top quark mass in the signal region after the cut on the neural network, a template
method is used. Simulated distributions are constructed for m(ℓb), which is sensitive to the top quark
mass, using a number of discrete values of mtop. This m(ℓb) estimator is defined as the invariant mass
of the charged lepton plus b-jet system. Selected events contain exactly one charged lepton and one
b-tagged jet making the assignment unambiguous and leading to a good mass resolution of the chosen
estimator. The resulting distribution in the signal region after the cut on the neural network output in data
together with the prediction assuming mtop = 172.5 GeV is shown in Figure 5(a).

The templates are parametrised and the parameters are then interpolated between different values
of mtop. In Figure 5(b) the sensitivity of the m(ℓb) observable to the input value of the top quark mass
is shown by the m(ℓb) distributions for three different mass points together with their respective fitted
parametrisations. In the final step a likelihood fit to the observed data distribution is used to obtain
the value of mtop that best describes the data. In this procedure, the experimental distributions are con-
structed such that they result in unbiased estimators of the top quark mass in the signal MC samples.
Consequently, the top quark mass determined in this way from data corresponds to the mass definition
used in the MC.

Signal and background templates for m(ℓb) are constructed for top quark masses in the range 165-
180 GeV, using separate MC samples for each of the seven different mass points. All single-top and tt̄
processes are treated as signal and the signal templates for m(ℓb) are fitted using the sum of a Landau
and a Gaussian function. The same parametrisation is used for the mass-independent m(ℓb) distribution
of the background, which is dominated by W+jets and QCD-multijet production. The parameters of the
fitting function of m(ℓb) have an approximately linear dependence on mtop for the signal, and probability
functions, si(mtop), for the m(ℓb) estimator depending only on mtop are built. These normalised templates
for the signal, si(mtop), and background, bi, are used as the input to a binned maximum likelihood fit to

10
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Top mass: bottom line 
■  Precision has increased significantly 

◆  But further improvement will necessitate an enormous amount 
of work on systematic uncertainties 
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Top properties: W helicity (I) 
■  W helicity fractions, FL, FR, F0:  

◆  Fj=Γj/Γ= f(x,y) where x=mW/mt and y=mb/m 
■  t→Wb is LH → helicity suppression:  

◆  For mb→0, FR=0 and F0=1/(1+2x2)
◆  Angular distributions given by Fj: 
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1

1 Introduction

Following the discovery of the top quark in proton-antiproton collisions at the Tevatron col-
lider [1, 2], measurements of W-boson helicity fractions in top-quark decays have been an im-
portant subject of investigation, because of their relationship to the V�A structure of the weak
charged current and their sensitivity to physics beyond the standard model (SM). With the
large samples of tt events produced in proton-proton collisions at the Large Hadron Collider
(LHC), the W-boson helicity fraction measurements can be improved considerably, enhancing
the search for anomalous Wtb couplings, i.e. those that do not arise from the SM. Previous
measurements of W-boson helicity fractions in top-quark decays have been performed by the
CDF, D0 [3], and ATLAS [4] Collaborations.

The helicity fractions of the W boson produced in a t ! Wb decay are defined as the partial
rate for a given helicity state divided by the total decay rate: FL,R,0 ⌘ GL,R,0/G, where FL, FR,
and F0 are the left-handed, right-handed, and longitudinal helicity fractions, respectively. For
SM couplings and unpolarised top-quark production, the helicity fractions are approximately
70% longitudinal and 30% left-handed. At leading order (LO) and in the limit mb = 0 (where
mb is the b-quark mass), the right-handed helicity fraction is zero due to helicity suppression.
For finite mb, the helicity fractions are [5] :

F0 =
(1 � y2)2 � x2(1 + y2)

(1 � y2)2 + x2(1 � 2x2 + y2)
, (1)

FL =
x2(1 � x2 + y2 +

p
l)

(1 � y2)2 + x2(1 � 2x2 + y2)
, (2)

FR =
x2(1 � x2 + y2 �p

l)
(1 � y2)2 + x2(1 � 2x2 + y2)

, (3)

where x = MW/mt, y = mb/mt, l = 1 + x4 + y4 � 2x2y2 � 2x2 � 2y2, and MW, mt are the
masses of the W boson and top quark, respectively. These fractions are minimally modified by
higher-order corrections. Recent next-to-next-to-leading-order (NNLO) calculations [6] predict
F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005, and FR = 0.0017 ± 0.0001 for a top-quark mass of
mt = 172.8 ± 1.3 GeV/c2.

Experimentally, the W-boson helicity components can be extracted through the study of angu-
lar distributions of top-quark decay products in tt final states. The helicity angle q⇤ is defined
as the angle between the W-boson momentum in the top-quark rest frame and the momentum
of the down-type decay fermion in the rest frame of the W boson. The distribution of the cosine
of the helicity angle has a dependence on the helicity fractions given by:

1
G

dG
d cos q⇤

=
3
8

FL (1 � cos q⇤)2 +
3
4

F0(sin q⇤)2 +
3
8

FR (1 + cos q⇤)2 . (4)

Deviations of the measured helicity fractions from the SM predictions can be interpreted in
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Angular distribution

Best analyser for top spin: charged lepton from W decay (kf=±1)
⇒ best channel (theory): dilepton channel

Observable for tt spin correlations: angular distribution of charged leptons:

q*
l+/-: angle between p(l) in t rest frame and p(t) in tt pair rest frame
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Angular distribution

Best analyser for top spin: charged lepton from W decay (kf=±1)
⇒ best channel (theory): dilepton channel

Observable for tt spin correlations: angular distribution of charged leptons:

q*
l+/-: angle between p(l) in t rest frame and p(t) in tt pair rest frame

θ*: angle between ℓ in t rest 
frame and t in tt rest frame 
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Spin correlations in top pairs

Top pairs are produced in a certain spin configuration (LL, LR, RL, RR), 
depending on the production mechanism (gg or qq)

Top quarks decay before hadronising and before a possible spinflip
⇒ decay products contain information about top spin 

Spin correlations visible in angular distribution of the decay products,
especially in leptonic decays:

Spin analysing power of top quark decay products

1

1 Introduction
The top quark is the heaviest known elementary particle, with mass mt = 172.44± 0.48 GeV [1].
The top quark lifetime has been measured as 3.29+0.90

�0.63 ⇥ 10�25 s [2], shorter than the hadroni-
zation timescale 1/LQCD ⇡ 10�24 s, where LQCD is the quantum chromodynamics (QCD) scale
parameter, and also shorter than the spin decorrelation time scale mt/L2

QCD ⇡ 10�21 s [3]. Con-
sequently, measurements of the angular distributions of top quark decay products give access
to the spin of the top quark, allowing the precise testing of perturbative QCD in the top quark–
antiquark pair (tt) production process.

At the CERN LHC, top quarks are produced abundantly, predominantly in pairs. In the stan-
dard model (SM), top quarks from pair production have only a small net polarization arising
from electroweak corrections to the QCD-dominated production process, but the pairs have
significant spin correlations [4]. For low tt invariant masses, the production is dominated by
the fusion of pairs of gluons with the same helicities, resulting in the creation of top quark
pairs with antiparallel spins in the tt center-of-mass frame. For larger tt invariant masses, the
dominant production is via the fusion of gluons with opposite helicities, resulting in tt pairs
with parallel spins [3]. For models beyond the SM, couplings of the top quark to new parti-
cles can alter both the top quark polarization and the strength of the spin correlations in the tt
system [4–7].

The charged lepton (`) from the decay t ! bW+ ! b`+n` is the best spin analyzer among
the top quark decay products [8], and is sensitive to the top quark spin through the helicity
angle q?` . This is the angle of the lepton in the rest frame of its parent top quark or antiquark,
measured in the helicity frame (i.e., relative to the direction of the parent quark momentum in
the tt center-of-mass frame) [4].

For the decay tt ! b`+n` b`�n`, the difference in azimuthal angle of the charged leptons in
the laboratory frame, Df`+`� , is sensitive to tt spin correlations and can be measured precisely
without reconstructing the full tt system [3]. With the tt system fully reconstructed, the opening
angle j between the two lepton momenta measured in the rest frames of their respective parent
top quark or antiquark is directly sensitive to spin correlations, as is the product of the cosines
of the helicity angles of the two leptons, cos q?`+ cos q?`� [4].

Recent spin correlation and polarization measurements from the CDF, D0, and ATLAS Collabo-
rations used template fits to angular distributions, and their results were consistent with the SM
expectations [9–14]. In this analysis, the measurements are made using asymmetries in angular
distributions unfolded to the parton level, allowing direct comparisons between the data and
theoretical predictions. The analysis strategy is similar to that presented in Ref. [15]; however
the larger data set used here and improvements in the tt system reconstruction techniques lead
to a reduced statistical uncertainty in the measurements. Furthermore, an improved unfolding
technique allows for differential measurements, which were not presented in Ref. [15].

The polarization P± of the top quark (antiquark) in the helicity basis is given by P± = 2AP± [4],
where the asymmetry variable AP± is defined as

AP± =
N

�
cos q?`± > 0

�
� N

�
cos q?`± < 0

�

N
�
cos q?`± > 0

�
+ N

�
cos q?`± < 0

� ,

where the numbers of events N
�
cos q?`± > 0

�
and N

�
cos q?`± < 0

�
are counted using the helic-

ity angle of the positively (negatively) charged lepton in each event. Assuming CP invari-
ance, these two measurements can be combined to give the SM polarization P = 2AP =
(AP+ + AP�). Alternatively, the variable PCPV = 2ACPV

P = (AP+ � AP�) measures possible
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Figure 3: Normalized differential cross section as a function of |Df`+`� |, cos j, cos q?`+ cos q?`� ,
and cos q?` from data (points); parton-level predictions from MC@NLO (dashed histograms); and
theoretical predictions at NLO [4, 63] with (SM) and without (no spin corr.) spin correlations
(solid and dotted histograms, respectively). For the cos q?` distribution, CP conservation is as-
sumed in the combination of the cos q?`± measurements from positively and negatively charged
leptons. The ratio of the data to the MC@NLO prediction is shown in the lower panels. The
inner and outer vertical bars on the data points represent the statistical and total uncertain-
ties, respectively. The hatched bands represent variations of µR and µF simultaneously up and
down by a factor of 2.
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SM prediction (solid line) to a scenario with no spin
correlation between top and antitop quarks (dashed line).

The degree of correlation, A, is defined as the fractional
difference between the number of events where the top and
antitop quark spin orientations are aligned and those where
the top quark spins have opposite alignment,

A ¼ Nð""Þ þ Nð##Þ % Nð"#Þ % Nð#"Þ
Nð""Þ þ Nð##Þ þ Nð"#Þ þ Nð#"Þ : (1)

The arrows denote the spins of the top and antitop quarks
with respect to a chosen quantization axis. This analysis
uses a fit to templates constructed from simulated event
samples to determine the amount of spin correlation from
the !! distribution. The fit result is converted into a value
of A in two bases: the helicity basis, using the direction of
flight of the top quark in the center-of-mass frame of the t"t
system [31,32], and the maximal basis which is optimized
for t"t production from gg fusion, as described in Ref. [12].
In the helicity basis the SM correlation coefficient is
calculated to be ASM

helicity ¼ 0:31 [8], and in the maximal

basis ASM
maximal ¼ 0:44, evaluated at matrix-element level

using MC@NLO. Theoretical uncertainties due to the varia-
tion of factorization and renormalization scales and due to
PDFs are of the order of 1% including next-to-leading-
order (NLO) QCD corrections in t"t production and top
quark decay [22].

The ATLAS detector [33] at the LHC covers nearly the
entire solid angle around the collision point. It consists of
an inner tracking detector (ID) covering j"j< 2:5 and
comprising a silicon pixel detector, a silicon microstrip
detector and a transition radiation tracker. The ID is sur-
rounded by a thin superconducting solenoid providing a
2 T magnetic field, followed by a liquid argon electromag-
netic sampling calorimeter (LAr) with high granularity. An
iron-scintillator tile calorimeter provides hadronic energy
measurements in the central rapidity region (j"j< 1:7).
The end-cap and forward regions are instrumented with
LAr calorimeters for both electromagnetic (EM) and had-
ronic energy measurements up to j"j< 4:9. The calorime-
ter system is surrounded by a muon spectrometer (MS)
with high-precision tracking chambers covering j"j< 2:7
and separate trigger chambers. The magnetic field is pro-
vided by a barrel and two end-cap superconducting toroid
magnets. A three-level trigger system is used to select
events with high-pT leptons for this analysis. The first-
level trigger is implemented in hardware and uses a subset
of the detector information to reduce the trigger rate to
75 kHz. This is followed by two software-based trigger
levels that together reduce the event rate to 200–400 Hz.

This analysis uses collision data with a center-of-mass
energy of

ffiffiffi
s

p ¼ 7 TeV recorded between 22 March and 22
August, 2011, corresponding to an integrated luminosity of
2:1 fb%1. The luminosity is given with an uncertainty of
3.7% [34,35].

Monte Carlo (MC) simulation samples are used to
evaluate the contributions, and shapes of distributions of
kinematic variables, for signal t"t events and background
processes not evaluated from complementary data
samples. All MC samples are processed with the GEANT4

[36] simulation of the ATLAS detector [37] and are passed
through the same analysis chain as data. The simulation
includes multiple pp interactions per bunch crossing
(pileup). Events are weighted such that the distribution of
the average number of interactions per bunch crossing
matches that observed in data. The mean number of pileup
interactions varies between 5.7 and 7.1 for the different
data-taking periods.
Samples with SM spin correlation and without spin

correlation are generated using MC@NLO with the
CTEQ6.6 PDF set and a top quark mass of 172.5 GeV. In
both cases the events are hadronized using the HERWIG

shower model [38,39]. Within the statistical uncertainty
of the MC generation the yields of the SM t"t and uncorre-
lated t"t samples are the same. The backgroundMC samples
are described in Ref. [40].
Candidate events are selected in the dilepton topology.

Channels with # leptons are not explicitly considered, but
reconstructed leptons can arise from leptonic # decays and
are included in the signal MC samples. The full object and
event selection is discussed in Ref. [40]; therefore only a
brief overview is given here. The analysis requires events
selected online by an inclusive single-lepton trigger (e or
$). The detailed trigger requirements vary throughout data
taking, but the pT threshold ensures that the triggered
lepton candidate is in the efficiency plateau. Electron
candidates are reconstructed using energy deposits in the
EM calorimeter associated to reconstructed tracks of
charged particles in the ID. Muon candidate reconstruction
makes use of tracking in the MS and ID. Jets are recon-
structed with the anti-kt algorithm [41] with a radius
parameter R ¼ 0:4, starting from energy clusters of adja-
cent calorimeter cells. The symbol Emiss

T is used to denote
the magnitude of the missing transverse momentum [42].
The following kinematic requirements are made:
(i) Electron candidates are required to have pT >

25 GeV and j"j< 2:47, excluding electrons from the tran-
sition region between the barrel and end-cap calorimeters
defined by 1:37< j"j< 1:52. Muon candidates are re-
quired to have pT > 20 GeV and j"j< 2:5. Events must
have exactly two oppositely-charged lepton candidates
(eþe%, $þ$%, e&$').
(ii) Events must have at least two jets with pT > 25 GeV

and j"j< 2:5.
(iii) Events in the eþe% and $þ$% channels are re-

quired to have m‘‘ > 15 GeV to ensure compatibility with
the MC samples and remove contributions from # and
J=c production.
(iv) Events in the eþe% and $þ$% channels must

satisfy Emiss
T > 60 GeV to suppress backgrounds from
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SM prediction (solid line) to a scenario with no spin
correlation between top and antitop quarks (dashed line).

The degree of correlation, A, is defined as the fractional
difference between the number of events where the top and
antitop quark spin orientations are aligned and those where
the top quark spins have opposite alignment,
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The arrows denote the spins of the top and antitop quarks
with respect to a chosen quantization axis. This analysis
uses a fit to templates constructed from simulated event
samples to determine the amount of spin correlation from
the !! distribution. The fit result is converted into a value
of A in two bases: the helicity basis, using the direction of
flight of the top quark in the center-of-mass frame of the t"t
system [31,32], and the maximal basis which is optimized
for t"t production from gg fusion, as described in Ref. [12].
In the helicity basis the SM correlation coefficient is
calculated to be ASM

helicity ¼ 0:31 [8], and in the maximal

basis ASM
maximal ¼ 0:44, evaluated at matrix-element level

using MC@NLO. Theoretical uncertainties due to the varia-
tion of factorization and renormalization scales and due to
PDFs are of the order of 1% including next-to-leading-
order (NLO) QCD corrections in t"t production and top
quark decay [22].

The ATLAS detector [33] at the LHC covers nearly the
entire solid angle around the collision point. It consists of
an inner tracking detector (ID) covering j"j< 2:5 and
comprising a silicon pixel detector, a silicon microstrip
detector and a transition radiation tracker. The ID is sur-
rounded by a thin superconducting solenoid providing a
2 T magnetic field, followed by a liquid argon electromag-
netic sampling calorimeter (LAr) with high granularity. An
iron-scintillator tile calorimeter provides hadronic energy
measurements in the central rapidity region (j"j< 1:7).
The end-cap and forward regions are instrumented with
LAr calorimeters for both electromagnetic (EM) and had-
ronic energy measurements up to j"j< 4:9. The calorime-
ter system is surrounded by a muon spectrometer (MS)
with high-precision tracking chambers covering j"j< 2:7
and separate trigger chambers. The magnetic field is pro-
vided by a barrel and two end-cap superconducting toroid
magnets. A three-level trigger system is used to select
events with high-pT leptons for this analysis. The first-
level trigger is implemented in hardware and uses a subset
of the detector information to reduce the trigger rate to
75 kHz. This is followed by two software-based trigger
levels that together reduce the event rate to 200–400 Hz.

This analysis uses collision data with a center-of-mass
energy of
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p ¼ 7 TeV recorded between 22 March and 22
August, 2011, corresponding to an integrated luminosity of
2:1 fb%1. The luminosity is given with an uncertainty of
3.7% [34,35].

Monte Carlo (MC) simulation samples are used to
evaluate the contributions, and shapes of distributions of
kinematic variables, for signal t"t events and background
processes not evaluated from complementary data
samples. All MC samples are processed with the GEANT4

[36] simulation of the ATLAS detector [37] and are passed
through the same analysis chain as data. The simulation
includes multiple pp interactions per bunch crossing
(pileup). Events are weighted such that the distribution of
the average number of interactions per bunch crossing
matches that observed in data. The mean number of pileup
interactions varies between 5.7 and 7.1 for the different
data-taking periods.
Samples with SM spin correlation and without spin

correlation are generated using MC@NLO with the
CTEQ6.6 PDF set and a top quark mass of 172.5 GeV. In
both cases the events are hadronized using the HERWIG

shower model [38,39]. Within the statistical uncertainty
of the MC generation the yields of the SM t"t and uncorre-
lated t"t samples are the same. The backgroundMC samples
are described in Ref. [40].
Candidate events are selected in the dilepton topology.

Channels with # leptons are not explicitly considered, but
reconstructed leptons can arise from leptonic # decays and
are included in the signal MC samples. The full object and
event selection is discussed in Ref. [40]; therefore only a
brief overview is given here. The analysis requires events
selected online by an inclusive single-lepton trigger (e or
$). The detailed trigger requirements vary throughout data
taking, but the pT threshold ensures that the triggered
lepton candidate is in the efficiency plateau. Electron
candidates are reconstructed using energy deposits in the
EM calorimeter associated to reconstructed tracks of
charged particles in the ID. Muon candidate reconstruction
makes use of tracking in the MS and ID. Jets are recon-
structed with the anti-kt algorithm [41] with a radius
parameter R ¼ 0:4, starting from energy clusters of adja-
cent calorimeter cells. The symbol Emiss

T is used to denote
the magnitude of the missing transverse momentum [42].
The following kinematic requirements are made:
(i) Electron candidates are required to have pT >

25 GeV and j"j< 2:47, excluding electrons from the tran-
sition region between the barrel and end-cap calorimeters
defined by 1:37< j"j< 1:52. Muon candidates are re-
quired to have pT > 20 GeV and j"j< 2:5. Events must
have exactly two oppositely-charged lepton candidates
(eþe%, $þ$%, e&$').
(ii) Events must have at least two jets with pT > 25 GeV

and j"j< 2:5.
(iii) Events in the eþe% and $þ$% channels are re-

quired to have m‘‘ > 15 GeV to ensure compatibility with
the MC samples and remove contributions from # and
J=c production.
(iv) Events in the eþe% and $þ$% channels must

satisfy Emiss
T > 60 GeV to suppress backgrounds from

PRL 108, 212001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
25 MAY 2012

212001-2

AΔφ =
N Δφ > π / 2( )− N Δφ < π / 2( )
N Δφ > π / 2( )+ N Δφ < π / 2( )

AC1C2 =
N c+c− > 0( )− N c+c− < 0( )
N c+c− > 0( )− N c+c− < 0( )

                    c± = cosθ±
*

AΔφ = f mtt( )
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December	2016	 Kruger	2016	–	Top	Physics	an	top	like	signature	@	CMS	

Charge	asymetries	

23	

_	producCon	at	NLO	gives	non	zero	charge	
asymmetry	from	interferences	between	((bar	
iniCated	diagrams	
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W mass 
■  Significance: W mass, along with top mass drive the test of 

radiative corrections in Electroweak Theory 
■  And up until recently, LHC has contributed to mt and mH 

(only). mW was given by LEP and Tevatron. 
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The challenge: ΔmW/mW=15/80385=1.9×10–4  

Statistics not an issue (>108 W events in Run I alone) 
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W mass: systematics 
■  Systematics – theory: 

◆  PDF, QCD (W pT, polarization), QED 
(FSR) 

■  Systematics – experiment:  
◆  lepton momentum scale, hadronic 

recoil resolution 
■  Will compare DATA/MC for 

transverse observables; what to 
use: 
◆  Lepton pT: affected by pT(W) 

uncertainties 
◆  MET: affected by detector resolution 

effects 
◆  mT: best compromise TH–EXP (de 

Rujula et al, arXiv:1106.0396) 
■  At low boson pT: mT~2pT(l)+pT(W); 

For ΔMW≈10MeV need: 
◆  ΔpT/pT≈10–4 on ~40 GeV pT(e/µ); ΔpT/

pT≈10–3 on ~5 GeV pT(W) 

Mar 13-17 2017 
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W mass from ATLAS (I): lepton & recoil 
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  9

Measurement strategy

● Event representation

– Main signature : final state lepton (electron or muon) : 

– Recoil : sum of “everything else” reconstructed in the calorimeters; a measure of pT
W,Z

– Derived quantities : 

+ useful projections (see later). No explicit jet reconstruction!

p⃗T

l

p⃗T

l
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Measurement strategy

● Event representation

– Main signature : final state lepton (electron or muon) : 

– Recoil : sum of “everything else” reconstructed in the calorimeters; a measure of pT
W,Z

– Derived quantities : 

+ useful projections (see later). No explicit jet reconstruction!

p⃗T

l

p⃗T

l
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Transverse momentum distribution

● Sources of uncertainty on ds/dpT
W with Pythia 8 : 

– Accuracy of the Z data used for the tuning;

– Z → W extrapolation : factorization scale variations (separately for light- and heavy-quark 

induced W and Z production);  c- and b-mass uncertainties

– Parton shower PDF variations

1-2% additional uncertainty on the prediction of ds/dp
T

W

pT
Z tune; transfer to pT

W 

  19

Angular distributions

● Fully differential cross section for spin-1 boson production, to all orders:

how accurate is the theoretical description of the Ai coefficients? 

– eg. fixed-order and resummed calculations disagree, at least at NLO (ResBos) 

● ATLAS measurement : JHEP08(2016)159

● The data validate DYNNLO (fixed-order), within the measurement uncertainties

f
0
(θ)=

1

2
(1−3cos

2 θ) f
2
(θ ,ϕ)=sin

2 θcos 2ϕ

dσ
dmdy dpT dcosθ d ϕ

=
d σ

dmdy dpT
[(1+cos

2 θ)+∑
i

Ai(m , pT , y ) f i(cosθ ,ϕ)]

  31

Recoil calibration : performance and results
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W mass from ATLAS (II): results 
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Mass-sensitive distributions : p
T

Muons

Electrons

W+ W-

(predictions set to the result of the combined m
W 

fit to all distributions)
  42

Mass-sensitive distributions : m
T

Muons

Electrons

W+ W-

(predictions set to the result of the combined m
W 

fit to all distributions)

pT(l) mT 

µ µ µ µ

e e e e
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Results : m
W

m
W

= 80.370 ± 0.007 (stat.) ± 0.011 (exp.syst.) 
 
± 0.014 (mod.syst.) GeV

= 80.370 ± 0.019 GeV

m
W+

 - m
W-    

= -29 ± 13 (stat.) ± 7 (exp.syst.) 
 
± 24 (mod.syst.) MeV

= -29 ± 28 MeV

mW  = 80.370 ± 0.007 (stat.) 
       ± 0.011 (exp.syst.) 
       ± 0.014 (mod.syst.) GeV
       = 80.370 ± 0.019 GeV
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Standard Model consistency

SM prediction for m
W
 vs m

t
,

assuming m
H
 = 125.09 ± 0.24 GeV

SM prediction for m
W
,
 
assuming  

m
H
 = 125.09 ± 0.24 GeV

 m
t
  = 172.84 ± 0.70 GeV

The image cannot be displayed. Your computer may not have enough memory to open the image, or 
the image may have been corrupted. Restart your computer, and then open the file again. If the red 
x still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart 
your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your computer may not have enough memory to open the image, or 
the image may have been corrupted. Restart your computer, and then open the file again. If the red x 
still appears, you may have to delete the image and then insert it again.



Electroweak Theory with  
mH known 

Overall consistency of EWK theory 
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Putting it all together: SM reigns supreme 
■  Goodness of fit 

◆  χ2
min=17.8      

→ Prob= 21% 
■  Fit result often more 

accurate than 
measurement 
◆  Small pulls for MH, 

MZ, Δαhad
(5)(MZ

2), mc, 
mb → input 
accuracies exceed fit 
requirements 

■  Knowledge of MH → 
huge improvement in:  
◆  MW (28→11 MeV) 
◆  mt (6.2→2.5 GeV) 
◆  sin2θW (2.3→1.0x10–3) 

Mar 13-17 2017 
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2 Update of the global electroweak fit 7
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Figure 1: Left: Comparison of the fit results with the direct measurements in units of the experimental
uncertainty. The fit results are compared between the scenario using the two-loop calculations of the Z
partial widths with the four-loop O(↵t↵

3
s) correction to MW (colour, top bars), and the one-loop calculation

used in a previous publication [4] (shaded gray, bottom bars). Right: Comparison of the fit results with the
indirect determination in units of the total uncertainty, defined as the uncertainty of the direct measurement
and that of the indirect determination added in quadrature. The indirect determination of an observable
corresponds to a fit without using the corresponding direct constraint from the measurement.

Light blue: fit 
excluding input 
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Experimental uncertainty source [±1�]

Parameter �meas �totfit �theofit �expfit �MW �MZ �mt � sin2✓fe↵ ��↵had �↵S

Present uncertainties

MH [GeV] 0.4 +33
�27

+10
�8

+31
�26

+28
�23

+5
�4

+10
�7

+29
�23

+7
�5

+4
�3

MW [MeV] 15 7.8 5.0 6.0 – 2.5 4.3 5.1 1.6 2.5

MZ [MeV] 2.1 12.0 3.7 11.4 10.5 – 3.5 11.2 2.2 1.4

mt [GeV] 0.8 2.5 0.6 2.4 2.3 0.4 – 2.3 0.5 0.6

sin2✓`e↵
(�) 16 6.6 4.9 4.5 3.7 1.2 2.0 – 3.4 1.2

�↵had
(�) 10 44 13 42 31 6 10 41 – 2

LHC prospects

MH [GeV] < 0.1 +21
�18

+4
�3

+20
�18

+17
�14

+6
�5

+8
�7

+18
�16

+3
�2

+5
�4

MW [MeV] 8 5.5 1.8 5.2 – 2.5 3.5 4.8 0.8 2.6

MZ [MeV] 2.1 7.2 1.4 7.0 6.0 – 2.8 5.9 0.8 1.9

mt [GeV] 0.6 1.5 0.2 1.5 1.3 0.4 – 1.2 0.2 0.5

sin2✓`e↵
(�) 16 3.0 1.1 2.8 2.5 1.1 1.4 – 1.5 0.9

�↵had
(�) 4.7 36 6 36 25 9 12 35 – 5

ILC/GigaZ prospects

MH [GeV] < 0.1 +7.4
�7.0

+2.5
�2.3

+6.9
�6.6

+3.9
�1.9

+4.3
�4.1

+0.9
�0.8

+3.3
�3.0

+4.3
�4.1

+0.3
�0.3

MW [MeV] 5 2.3 1.3 1.9 – 1.7 0.3 1.3 0.7 0.3

MZ [MeV] 2.1 2.7 1.0 2.6 2.5 – 0.4 1.3 1.9 0.2

mt [GeV] 0.1 0.8 0.2 0.7 0.6 0.5 – 0.3 0.4 0.2

sin2✓`e↵
(�) 1.3 2.3 1.0 2.0 1.7 1.2 0.2 – 1.5 0.1

�↵had
(�) 4.7 6.4 3.0 5.6 2.7 4.1 0.8 3.9 – 0.2

(�)In units of 10�5. (?)In units of 10�4

Table 4: Contributions from the individual experimental and theoretical uncertainty sources to the total
uncertainty in the indirect determination of a given observable by the electroweak fit for the three sce-
narios (present, future LHC, ILC/GigaZ). The uncertainty due to MH is negligible compared to the other
observables and is not shown. See text for further discussion.

the experimental observable of that row, �totfit , is given. The contributions from the theoretical
uncertainties, �theofit , and experimental uncertainties, �expfit , are shown in columns four and five.
Columns six to eleven give the uncertainties of the indirect fit determination resulting from the
experimental uncertainties of the observables listed in the respective columns. These uncertainties
are obtained as the di↵erence between the result obtained from the full fit and the result when
excluding the experimental uncertainty given in that column. In this approach the correlations
between the fit parameters are neglected, such that the individual experimental uncertainties do
not add up in quadrature to the full experimental uncertainty as obtained from the fit. The given

Future? MW! 
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Figure 6: Fit constraints for the present and extrapolated future scenarios compared to the direct mea-
surements for the observable pairs MW versus mt (top) and MW versus sin2✓`e↵ (bottom). The direct
measurements are not included as input measurements in the fits. For the future scenarios the central
values of the other input measurements are adjusted to reproduce the SM with MH ' 125 GeV. The
horizontal and vertical bands indicate in blue today’s precision of the direct measurements, and in light
green and orange the extrapolated precisions for the LHC and ILC/GigaZ, respectively. The ellipses receive
significant contributions from the theoretical uncertainties parametrised by �theoMW and �theo sin2✓

f
e↵ . For

better visibility the measurement ellipses corresponding to two degrees of freedom are not drawn.

Max Baak (CERN) 
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Indirect determination of W mass 

"  Scan of Δχ2 profile versus MW 
•  Also shown: SM fit with  

minimal inputs:  
MZ, GF, Δαhad

(5)(MZ), αs(MZ),  
MH, and fermion masses 

•  Good consistency between 
total fit and SM w/ minimal inputs 

"  MH measurement allows for  
precise constraint on MW 

•  Agreement at 1.4σ 
"  Fit result for indirect determination of MW (full fit w/o MW): 
 

"  More precise estimate of MW than the direct measurements!  
•  Uncertainty on world average measurement: 15 MeV 

15 The electroweak fit at NNLO – Status and Prospects 

Obtained with  
simple error 
propagation 

Max Baak (CERN) 

State of the SM: W versus top mass 

"  Scan of MW vs mt, with the direct measurements excluded from the fit. 
"  Results from Higgs measurement significantly reduces allowed indirect 

parameter space → corners the SM! 
 

"  Observed agreement demonstrates impressive consistency of the SM! 

17 The electroweak fit at NNLO – Status and Prospects 
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Max Baak (CERN) 

Indirect determination of top mass 

"  Shown: scan of Δχ2 profile versus mt (without mt measurement) 
•  MH measurement allows for significant better constraint of mt 
•  Indirect determination consistent with direct measurements 

-  Remember: fully obtained from radiative corrections! 
"  Indirect result: mt = 177.0+2.3

-2.4 GeV 

37 

Tevatron+LHC: 173.34 ± 0.76 GeV 
new D0: 174.98 ± 0.76 GeV 

The electroweak fit at NNLO – Status and Prospects 
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Mt = 177.0+2.3–2.4 GeVMW = 80.358±0.008 GeV



Searches for extended 
scalar sectors 

Models with two Higgs doublets 
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MSSM Higgs(es) 
■  Complex analysis; 5 Higgses (Φ≡H±;H0,h0,A0) 

◆  At tree level, all masses & couplings depend on only two 
parameters; tradition says take MA & tanβ 

◆  Modifications to tree-level mainly from top loops 
●  Important ones;  e.g. at tree-level, Mh<Mzcosβ, MA<MH; 

MW<MH+; radiative corrections push this to 135 GeV. 
◆  Important branch 1: SUSY particle masses 

(a) M>1 TeV (i.e. no Φ decays to them) 
(b) M<1 TeV (i.e. allows Φ decays) 

◆  Important branch 2: value of tanβ; stop mixing 
(a) Low (1.5) and high (≈30) values of tanβ
(b) Maximal–No mixing 
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Observability of MSSM Higgses 

4 Higgs observable 
3 Higgs observable 
2 Higgs observable 
1 Higgs observable 

MSSM  Higgs  bosons   

h,A,H,H±  

h,A,H,H± 

Assuming decays 
to SM particles  
only  

h,H± 

h 

h,H± 

h,A,H 

H,H± 

h,,H,H± 

h,H 

5σ contours 

Transp from late 90’s 
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Production of MSSM Higgses: h, H 
■  Largest branch: tanβ
Large tanβ: Φbb coupling 

important ⇒ gg → Φ, 
associated production Φbb 

H0VV couplings ∝ cos(β-α) ⇒ 
suppressed for large tanβ. VBF 
production low for H0 at large 
tanβ (also no VBF for A0) 
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Production of MSSM Higgses : A0,H± 

■  A0 production: 
◆  A0 does not couple to W/Z 

(tree level) no VBF prodn 
◆  Large tanb: A0bb coupling 

very important.  
●  Affects both gg →A0, 

and associated 
production A0bb 

■  Case 1: MH+ < Mt - Mb 
◆  t→bH+ competes with SM  
◆  t→Wb produced in tt 

production followed by t decay   
■  Case 2: MH+ > Mt  

◆  gg, qq → tbH-, gb → tH± 

◆  Radiation off 3rd-generation 
quark 

200 1000 
mA (GeV) 

cr
os

s-
se

ct
io

n 
(p

b)
 

MSUSY ~ 1TeV  
µ = 1TeV  
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MSSM Higgs: decays (I) 
■  Decay pattern depends on 

region of parameter space & 
SUSY params 
◆  MA>>MZ (decoupling limit) 

●  MSUSY large (~1TeV); h → hSM 

●  MSUSY light (e.g. 200GeV) 
modified.  Direct to SUSY + 
contributions to 1-loop 
decay rate h0→ γγ, gg 
possible.  

●  In both cases: H0, A0, H± ~ 
mass degenerate Br ~ tan β. 

◆  MA< 150 GeV, tanβ > 10-30 
(Intense coupling regime.) 

●  All higgs masses 100-150 
GeV. All H produced in many 
channels. Signal for one bkg 
for another 

Suppression of HVV coupling: 
smaller widths than SM.  
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Matthias Schröder (matthias.schroeder@desy.de) BSM-Higgs Searches at CMS, February 16, 2015 21 / 16



P. Sphicas 
LHC Results Mar 13-17 2017 

CLASHEP 2017 66 

MSSM Higgs: decays (II) 

■  h is light 
◆  Decays to bb (90%) & ττ (8%) 

●  cc, gg decays suppressed 
■  H/A “heavy” 

◆  Decays to top open (low tanβ) 
◆  Otherwise still to bb & ττ 
◆  But:  WW/ZZ channels suppres-

sed; lose golden modes for H 

– 

No mixing 
– 

Φ g(Φuu) g(Φdd) g(ΦVV) 
h cosα/sinβ  

→1 
-sinα/cosβ 

→1 
sin(β-α) 
→1 

H sinα/sinβ      
→1/tanβ

cosα/cosβ 
→tanβ 

cos(β-α) 
→0 

A 1/tanβ tanβ 0 
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■  Biggest branch: M(H+) vs M(t) 
■  Case 1: M(H+)<M(t) 

◆  Main production: top production and decays 
●  Unknown: Br(H+→tb) (min at tanβ≈7) 

◆  Decay: depends on tanb 
●  H+→cs for tanβ >~1 
●  H+→τν for tanβ <~1 

■  Case 2: M(H+)>M(t) 
◆  Main production: single-t  
(replace W+ with H+ in single-t production) 

●  Cross section: much smaller 
◆  Dominant decay: Wbb (even at low tanβ) 

●  Note: H+→τν cleaner (and    
 significant for tanβ >~3) 

 

Charged Higgs production 

Mar 13-17 2017 
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H+ production at the LHC: processes 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  9/29 

If 𝒎𝑯+ <  𝒎𝒕  

Primary contribution from decays of top quarks 

• Production cross section: 

𝜎 𝑝𝑝 → 𝑡𝑡̅ × 𝐵(𝑡 → 𝐻+𝑡)    [dominant at LHC] 

The first factor is calculated and measured with 

precision better than 10%. There are several 

options to measure the latter. 

If 𝒎𝑯+ >  𝒎𝒕  
Production is expected to occur primarily in 

association with single top quarks – replace 𝑊+ 

with 𝐻+ in SM single top production. 

• Production cross section is much smaller. 

Relevant coupling: 𝑔 𝑡𝑡𝐻+ ~ (𝑚𝑡cot𝛽 +  𝑚𝑏 tan𝛽) 
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𝑯+ → 𝝉+ 𝝂𝝉 (ATLAS) 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  17/29 

• For 𝑚𝐻+ <  𝑚𝑡  search, assume 

𝐵 𝐻+ → 𝜏+𝜈𝜏 = 1 to derive 
limits on 𝐵 𝑡 → 𝐻+𝑡 . 

• For 𝑚𝐻+ > 𝑚𝑡, use similar event 
selection, but allow other decay 
modes to derive limits on  
𝜎 𝑝𝑝 →  𝐻±  ×  𝐵 𝐻+ → 𝜏+𝜈𝜏 . 
 

ATLAS-CONF-2014-050  

• Use 𝜏 +  𝐸𝑇  𝑚𝑣𝑣𝑣  trigger. 
• Look for excess in 
𝑚𝑇(𝜏,𝐸  )𝑇       𝑚𝑣𝑣𝑣  distribution. 
 

 
• Dominant background: SM 𝑡𝑡̅, 

QCD multi-jet. 

H+→τν

■  tanβ <~1: H+→τν
◆  High-pt tau jet: Br(τ→h): 1-prong 

(~50%); 3-prong (~15%) 
◆  Bkg: tt, QCD multijets 

■  Key variable: transverse mass 
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𝑯+ → 𝝉+𝝂𝝉;   𝒎𝑯+ <  𝒎𝒕 (ATLAS) 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  18/29 

𝐵 𝑡 →  𝐻+𝑡  < 0.0023 − 0.013 at 95% CL for 80 GeV < 𝑚𝐻+ < 160 GeV  

ATLAS-CONF-2014-050  

 𝑯+ → 𝝉+𝝂𝝉;   𝒎𝑯+ >  𝒎𝒕 (ATLAS) 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  19/29 

𝜎 𝑝𝑝 →  𝐻±  ×  𝐵 𝐻+ → 𝜏+𝜈𝜏  < 0.004 - 0.76 pb  at 95% CL 

for 180 GeV < 𝑚𝐻+ < 1000 GeV  

ATLAS-CONF-2014-050  
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𝑯+ → 𝝉+ 𝝂𝝉 (ATLAS) 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  17/29 

• For 𝑚𝐻+ <  𝑚𝑡  search, assume 

𝐵 𝐻+ → 𝜏+𝜈𝜏 = 1 to derive 
limits on 𝐵 𝑡 → 𝐻+𝑡 . 

• For 𝑚𝐻+ > 𝑚𝑡, use similar event 
selection, but allow other decay 
modes to derive limits on  
𝜎 𝑝𝑝 →  𝐻±  ×  𝐵 𝐻+ → 𝜏+𝜈𝜏 . 
 

ATLAS-CONF-2014-050  

• Use 𝜏 +  𝐸𝑇  𝑚𝑣𝑣𝑣  trigger. 
• Look for excess in 
𝑚𝑇(𝜏,𝐸  )𝑇       𝑚𝑣𝑣𝑣  distribution. 
 

 
• Dominant background: SM 𝑡𝑡̅, 

QCD multi-jet. 
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H+→cs 
■  tanβ >~1: H+→cs 

◆  t-tbar prod; one leptonic t decay, one hadronic: t→Hb→τνb 
●  M(j1j2)→MH; M(j1j2j3)→Mt (option: add b-tag) 
●  Tough region: M(H+) near M(W+) 

◆  Kinematic fit to both t quarks;  
●  Large combinatorial background 

Mar 13-17 2017 
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 𝑯+ → 𝒄𝒔�;   𝒎𝑯+ <  𝒎𝒕 (CMS) 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  24/29 

• Assume 𝐵 𝐻+ → 𝑐�̅� = 1. 
• Same final state as semileptonic decay of 𝑡𝑡̅ in SM  
• Kinematic fit to both top candidates 

CMS PAS-HIG-13-035 

𝐵 𝑡 →  𝐻+𝑡  < 0.017 − 0.07 at 95% CL for 90 GeV < 𝑚𝐻+ < 160 GeV  

 𝑯+ → 𝒄𝒔�;   𝒎𝑯+ <  𝒎𝒕 (CMS) 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  24/29 

• Assume 𝐵 𝐻+ → 𝑐�̅� = 1. 
• Same final state as semileptonic decay of 𝑡𝑡̅ in SM  
• Kinematic fit to both top candidates 

CMS PAS-HIG-13-035 

𝐵 𝑡 →  𝐻+𝑡  < 0.017 − 0.07 at 95% CL for 90 GeV < 𝑚𝐻+ < 160 GeV  

 𝑯+ → 𝒄𝒔�;   𝒎𝑯+ <  𝒎𝒕 (ATLAS) 

Tau 2014, Aachen, 15-19 Sep Charged Higgs searches at the LHC - D. Chakraborty  25/29 

• Assume 𝐵 𝐻+ → 𝑐�̅� = 1. 
• Same final state as semileptonic decay of 𝑡𝑡̅ in SM  

• Likelihood fit to dijet mass for 𝐻+candidate. 

Eur. Phys. J. C (2013) 73: 2465 

𝐵 𝑡 →  𝐻+𝑡  < 0.01 − 0.05 at 95% CL for 
90 GeV < 𝑚𝐻+ < 150 GeV  
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LHC Results 

H+→tb 
■  Final states, driven by t 

decay: 
◆  1 e/m, pT>25 GeV; ≥4 jets, 

pT>25; 2 b tags 
◆  Signal and Control regions 

based on Njet and Nbtag 

◆  Bkg: ttbar 

Mar 13-17 2017 
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BDT  

Simultaneous fit to HT(CR) and BDT(SR) 



P. Sphicas 
LHC Results 

Neutral (MSSM) Higgs boson(s) 
■  Dominant: H→ττ

Mar 13-17 2017 
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Example of A search: A→Zh  
■  A→Zh dominant for MA<2Mt 
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Fig. 1. Distributions of the reconstructed A boson mass for the combined ``⌧had⌧had and ``⌧lep⌧had final
states (a) and the ``⌧lep⌧lep final states (b). The signal shown in both cases corresponds to �(gg ! A) ⇥
BR(A ! Zh) ⇥ BR(h ! ⌧⌧) = 50 fb with mA = 340 GeV. The background contributions shown are
the results of simulation and data-driven estimation methods. The background uncertainty is shown as a
hatched area, and the overflow is included in the last bin.

amounts to an uncertainty on the normalization of
this background of about 5.0% for the ⌧lep⌧had chan-
nel and 6.4% for ⌧lep⌧lep. In the ⌧had⌧had channel,
the largest contributions come from the ⌧had identi-
fication and energy scale and amounts to 8.9% [33].
The fake-⌧had/` background systematic uncertainty
for the ⌧⌧ channels is dominated by the statisti-
cal uncertainty on data in control regions used for
the background normalization. It amounts to a
normalization uncertainty of 38% and 25% for the
⌧lep⌧had and ⌧had⌧had channels, respectively. For
the ⌧lep⌧lep channel, the normalization uncertainty
is 65% (25%) for the SF (DF) category.
The reconstructed A boson mass distributions

for events passing the ``⌧had⌧had, ``⌧lep⌧had and
``⌧lep⌧lep selections are shown in Fig. 1. The num-
ber of events passing the ``⌧⌧ channel selections are
shown in Table 1. The agreement of the expectation
with data is very good.

Table 1
The number of predicted and observed events for
the ``⌧⌧ channels.

Expected Background Data
``⌧had⌧had 28± 6 29
``⌧lep⌧had 17± 4 18
``⌧lep⌧lep (SF) 9.5± 0.6 10
``⌧lep⌧lep (DF) 7.2± 0.7 7

5. Search for A ! Zh with h ! bb

This section describes the searches in the A !
Zh ! ``bb and A ! Zh ! ⌫⌫bb channels.

5.1. ``bb selection

Events in the ``bb channel are selected by requir-
ing either two electrons or two muons. In the case
of muons they are required to be of opposite-sign
charge. Leptons must have pT > 7 GeV, and elec-
trons are restricted to |⌘| < 2.47, while muons must
have |⌘| < 2.7. Tighter acceptance requirements are
placed on one of the leptons in each event in order
to increase the trigger e�ciency and to reduce the
multi-jet background, while keeping a high signal
acceptance. These requirements are that the lep-
tons have pT > 25 GeV, and, if they are muons,
satisfy |⌘| < 2.5. A dilepton invariant mass win-
dow of 83 < m`` < 99 GeV is imposed to reduce
top-quark and multi-jet backgrounds.
The h ! bb decay is reconstructed by requiring

two b-tagged jets with pT > 45 GeV (20 GeV) for
the leading (subleading) jet. Events with more than
two b-tagged jets are removed but all events with
one or more additional jets failing b-tagging are re-
tained. The h ! bb decay is selected by requiring
that the invariant mass of the two b-tagged jets lies
within the range 105 < mbb < 145 GeV.
The top-quark background, which includes top-

quark pair and single top-quark production, is

5
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hatched area, and the overflow is included in the last bin.

amounts to an uncertainty on the normalization of
this background of about 5.0% for the ⌧lep⌧had chan-
nel and 6.4% for ⌧lep⌧lep. In the ⌧had⌧had channel,
the largest contributions come from the ⌧had identi-
fication and energy scale and amounts to 8.9% [33].
The fake-⌧had/` background systematic uncertainty
for the ⌧⌧ channels is dominated by the statisti-
cal uncertainty on data in control regions used for
the background normalization. It amounts to a
normalization uncertainty of 38% and 25% for the
⌧lep⌧had and ⌧had⌧had channels, respectively. For
the ⌧lep⌧lep channel, the normalization uncertainty
is 65% (25%) for the SF (DF) category.

The reconstructed A boson mass distributions
for events passing the ``⌧had⌧had, ``⌧lep⌧had and
``⌧lep⌧lep selections are shown in Fig. 1. The num-
ber of events passing the ``⌧⌧ channel selections are
shown in Table 1. The agreement of the expectation
with data is very good.

Table 1
The number of predicted and observed events for
the ``⌧⌧ channels.

Expected Background Data
``⌧had⌧had 28± 6 29
``⌧lep⌧had 17± 4 18
``⌧lep⌧lep (SF) 9.5± 0.6 10
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5. Search for A ! Zh with h ! bb

This section describes the searches in the A !
Zh ! ``bb and A ! Zh ! ⌫⌫bb channels.

5.1. ``bb selection

Events in the ``bb channel are selected by requir-
ing either two electrons or two muons. In the case
of muons they are required to be of opposite-sign
charge. Leptons must have pT > 7 GeV, and elec-
trons are restricted to |⌘| < 2.47, while muons must
have |⌘| < 2.7. Tighter acceptance requirements are
placed on one of the leptons in each event in order
to increase the trigger e�ciency and to reduce the
multi-jet background, while keeping a high signal
acceptance. These requirements are that the lep-
tons have pT > 25 GeV, and, if they are muons,
satisfy |⌘| < 2.5. A dilepton invariant mass win-
dow of 83 < m`` < 99 GeV is imposed to reduce
top-quark and multi-jet backgrounds.

The h ! bb decay is reconstructed by requiring
two b-tagged jets with pT > 45 GeV (20 GeV) for
the leading (subleading) jet. Events with more than
two b-tagged jets are removed but all events with
one or more additional jets failing b-tagging are re-
tained. The h ! bb decay is selected by requiring
that the invariant mass of the two b-tagged jets lies
within the range 105 < mbb < 145 GeV.

The top-quark background, which includes top-
quark pair and single top-quark production, is

5

300 400 500 600 700 800 900 1000 1100 1200

Ev
en

ts
 / 

8 
G

eV

-110

1

10

210

310

410
Data 2012

 = 500 GeVAm
Zh(bb)→A

SM Zh
Diboson
Top
Multijet
Z+hf
Z+cl
Z+l
Uncertainty

ATLAS
 -1 = 8 TeV, 20.3 fbs

2 lep., 2 + 3 jets, 2 tags

 [GeV]rec
Am

300 400 500 600 700 800 900 1000 1100 1200

D
at

a/
SM

0
1
2

(a) ``bb

200 400 600 800 1000 1200

Ev
en

ts
 / 

20
 G

eV

-110

1

10

210

310

410 Data 2012
 = 500 GeVAm
Zh(bb)→A

SM Vh
Diboson
Top
Multijet
W+jets
Z+hf
Z+cl
Z+l
Uncertainty

ATLAS
 -1 = 8 TeV, 20.3 fbs

0 lep., 2 + 3 jets, 2 tags

 [GeV]rec,T
Am

200 400 600 800 1000 1200

D
at

a/
SM

0
1
2

(b) ⌫⌫bb

Fig. 2. Distributions of the reconstructed A boson mass for the ``bb final state (a) and the A boson
transverse mass for the ⌫⌫bb final state (b). The signal shown in both cases corresponds to �(gg ! A) ⇥
BR(A ! Zh)⇥BR(h ! bb) = 500 fb with mA = 500 GeV. The predicted distributions are shown after the
profile likelihood fit to the data. The uncertainty is shown as a hatched area, and the overflow is included
in the last bin.
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gluon-fusion-produced A boson times its branching ratio to Zh and branching ratio of h to (a) ⌧⌧ and (b)
bb. The expected upper limits for subchannels are also shown.

mrec
A mass distributions for ``⌧⌧ and ``bb final states

and the binnedmrec,T
A distribution for the ⌫⌫bb final

state.

Fig. 3 shows the 95% CL limits on the produc-
tion cross section times the branching ratio, �(gg !
A)⇥BR(A ! Zh)⇥BR(h ! bb/⌧⌧), as well as the

expected limits for each individual subchannel. The
limit on the production times the branching ratio is
in the range 0.098–0.013 pb and 0.57–0.014 pb for
mA in the range 220–1000 GeV for the ⌧⌧ and bb
channels, respectively. The ⌧⌧ channels use few sig-
nal mass points beyond mA = 500 GeV, since the
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Fig. 2. Distributions of the reconstructed A boson mass for the ``bb final state (a) and the A boson
transverse mass for the ⌫⌫bb final state (b). The signal shown in both cases corresponds to �(gg ! A) ⇥
BR(A ! Zh)⇥BR(h ! bb) = 500 fb with mA = 500 GeV. The predicted distributions are shown after the
profile likelihood fit to the data. The uncertainty is shown as a hatched area, and the overflow is included
in the last bin.

 [GeV]A m
200 300 400 500 600 700 800 900 1000

) [
pb

]
ττ 

→
BR

(h
×

Zh
)

→
BR

(A
×
σ

-210

-110

1

Comb obs 95% CL limit
Comb exp 95% CL limit

 bandσ 1±

 bandσ 2±

 exp 95% CL limithadτhadτ

 exp 95% CL limithadτlepτ

 exp 95% CL limitlepτlepτ

ATLAS
 = 8 TeVs

-120.3 fb

(a) A ! Zh, h ! ⌧⌧

 [GeV]A m
200 300 400 500 600 700 800 900 1000

) [
pb

]
b

 b
→

BR
(h

×
Zh

)
→

BR
(A

×
σ

-210

-110

1

10
Comb obs 95% CL limit

Comb exp 95% CL limit

 bandσ 1±

 bandσ 2±

llbb exp 95% CL limit

bb exp 95% CL limitνν

ATLAS
 = 8 TeVs

-120.3 fb

(b) A ! Zh, h ! bb
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mrec
A mass distributions for ``⌧⌧ and ``bb final states

and the binnedmrec,T
A distribution for the ⌫⌫bb final

state.

Fig. 3 shows the 95% CL limits on the produc-
tion cross section times the branching ratio, �(gg !
A)⇥BR(A ! Zh)⇥BR(h ! bb/⌧⌧), as well as the

expected limits for each individual subchannel. The
limit on the production times the branching ratio is
in the range 0.098–0.013 pb and 0.57–0.014 pb for
mA in the range 220–1000 GeV for the ⌧⌧ and bb
channels, respectively. The ⌧⌧ channels use few sig-
nal mass points beyond mA = 500 GeV, since the
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Fig. 3 shows the 95% CL limits on the produc-
tion cross section times the branching ratio, �(gg !
A)⇥BR(A ! Zh)⇥BR(h ! bb/⌧⌧), as well as the

expected limits for each individual subchannel. The
limit on the production times the branching ratio is
in the range 0.098–0.013 pb and 0.57–0.014 pb for
mA in the range 220–1000 GeV for the ⌧⌧ and bb
channels, respectively. The ⌧⌧ channels use few sig-
nal mass points beyond mA = 500 GeV, since the
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phase space of the signal region. The sample is split
into events with zero, one or two b-tagged jets and
into events with 2 and 3 jets. A correction depend-
ing on ��jj is applied to W + ll and W + cl events,
following studies similar to those performed for the
Z+jets background [36].

A correction is made to the pT distribution of
tt̄ production in the simulation to account for an
observed discrepancy with the data [37]. The nor-
malization of top-quark pair production in the ``bb
channel is measured by defining a sample of events
with exactly one electron and one muon, one of
which has pT > 25 GeV, and two b-tagged jets with
50 < mbb < 180 GeV.

5.4. Systematic uncertainties and results

The most important experimental systematic un-
certainties in the ``bb and ⌫⌫bb final states come
from the jet energy scale uncertainty and the b-
tagging e�ciency.

The jet energy scale systematic uncertainty arises
from several sources including uncertainties from
the in situ calibration, pile-up dependent correc-
tions and the jet flavour composition [38]. In ad-
dition, an uncertainty on the jet energy resolution
is applied. The jet energy scale and resolution un-
certainties are propagated to the Emiss

T . The un-
certainty on Emiss

T also has a contribution from
hadronic energy that is not associated with jets [34].

The b-tagging e�ciency uncertainty depends on
jet pT and comes mainly from the uncertainty on
the measurement of the e�ciency in tt̄ events [32].
Similar uncertainties are derived for the c-tagging
and light-flavour jet tagging [39].

Other experimental systematic uncertainties that
are included but have a smaller impact are uncer-
tainties from lepton energy scale and identification
e�ciency, the e�ciency of the Emiss

T trigger and the
uncertainty on the multi-jet background estimate,
which is taken to be 100% of the estimated number
of events.

In addition to the experimental systematic un-
certainties, modelling systematic uncertainties are
applied, accounting for possible di↵erences between
the data and the simulation model used for each
process. For the background samples, the proce-
dure described in Ref. [36] is followed. The Z+jets
and W+jets backgrounds include uncertainties on
the relative fraction of the di↵erent flavour com-
ponents, and on the mbb, ��jj and pZT/p

W
T distri-

butions. For tt̄ production, uncertainties on the

Table 2
Predicted and observed number of events for the
``bb and ⌫⌫bb final states shown after the profile
likelihood fit to the data.

``bb ⌫⌫bb
Z+jets 1443 ± 60 225 ± 11
W+jets – 55 ± 8
Top 317 ± 28 203 ± 15
Diboson 30 ± 5 10.8 ± 1.6
SM Zh, Wh 31.7 ± 1.8 22.5 ± 1.2
Multi-jet 20 ± 16 3.2 ± 3.1
Total background 1843 ± 34 521 ± 12
Data 1857 511

top-quark transverse momentum, mbb, Emiss
T and

pZT/p
W
T distributions are included. Uncertainties on

the ratio of two-jet to three-jet events are also in-
cluded for each background.

Themrec
A andmrec,T

A distributions for events pass-
ing the ``bb and ⌫⌫bb final-state selections, re-
spectively, are shown in Fig. 2. The distributions
are shown after a profile-likelihood fit, which con-
straints simultaneously the signal yield and the
background normalization and shape, which is per-
formed in the same manner as in Ref. [36]. The
overall background is more constrained than the in-
dividual components, causing the errors of indvid-
ual components to be anti-correlated. The number
of events passing the ``bb and ⌫⌫bb final state selec-
tions are shown in Table 2, where the values for the
expectations and uncertainties are obtained from
the profile-likelihood fit.

6. Results

In all channels, no significant excess of events
is observed in the data compared to the predic-
tion from SM background sources. The significance
of local excesses is estimated using p-values calcu-
lated with a test statistic based on the profile like-
lihood [40]. The largest data excesses are at mA =
220 GeV (p-value = 0.014) and mA = 260 GeV
(p-value = 0.14) in the combined final states with
h ! bb and h ! ⌧⌧ , respectively. Exclusion lim-
its at the 95% confidence level (CL) are set on the
production cross section times the branching ratio
BR(A ! Zh) as a function of the A boson mass.
The exclusion limits are calculated with a modi-
fied frequentist method [41], also known as CLs,
and the profile likelihood method, using the binned

7
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Open issues/questions in the scalar sector 
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BSM searches at LHC 

Scale of New Physics = F(MH) 

Jan 09-12, 2012 
Zurich Phenomenology Workshop 
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LHC Results 

J 
L 

Zooming in: some good (?) news 
■  At 95% CL: there is new 

physics at a scale below 
the GUT scale J   
◆  Or vacuum is not stable… 

 
Thankfully, best estimate of 

time we still have ~15 Gyr! 

Mar 13-17 2017 
CLASHEP 2017 75 
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Living at the edge with MH≈125… 
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SPG/ÖPG  
2013 R. Wallny - LHC - the first three years

 [GeV]topm
160 165 170 175 180 185-0.5

7.8

Tevatron 2012 combination  0.8± 0.6 ±173.2 
arXiv:1207.1069v2 up to 5.8/fb  syst.)± stat. ±(val. 

CMS combination  0.9± 0.4 ±173.4 
up to L= 5.0/fb  syst.)± stat. ±(val. 

CMS 2011 all-jets  1.3± 0.7 ±173.5 
PAS-TOP-11-017 (L=3.54/fb)  syst.)± stat. ±(val. 

CMS 2011 lepton+jets  1.0± 0.4 ±173.5 
arXiv:1209.2319 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2011 dilepton  1.5± 0.4 ±172.5 
arXiv:1209.2393 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2010 lepton+jets  2.7± 2.1 ±173.1 
)-1PAS-TOP-10-009 (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, CMS 2010 dilepton  4.6± 4.6 ±175.5 
)-1JHEP 07 (2011) (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, 

CMS combined result

CMS Preliminary

Top quark mass
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Top quark mass:

 Important parameter in the Standard Model  - EW theory 
consistency and vacuum stability 

Measurement accessible in different final states (di-
lepton, lepton + jets, all-hadronic) with different 

systematics
LHC experiments results approach Tevatron precision

LHC top quark mass combination forthcoming

ATLAS-CONF-2013-046

0.6%

0.9%

0.5%

0.9%

0.5%

0.6%

■  Perhaps even more important than originally thought 
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LHC Results 

Current Higgs questions 
■  It is a scalar (0+) particle, with couplings [to bosons 

AND fermions] that are proportional to mass.   
◆  It is consistent with being the SM Higgs. 

■  Is it the very Higgs of the Standard Model? 
■  Is it really an elementary particle or a composite one? 
■  Is it the first supersymmetric particle?  Perhaps the 

first of five Higgs bosons? 
■  Is it natural? 
■  Does it couple to Dark Matter as well? 
■  Is it [and the vacuum is pops from] stable? 
■  Is it related to the matter-antimatter asymmetry? 
■  Is it related to inflation – and the Universe-at-large? 

Mar 13-17 2017 
CLASHEP 2017 77 
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P. Sphicas 
LHC Results 

Pseudo-summary (II) and what’s next 
■  The last missing element of the SM has been found 

◆  First look: it is consistent with the SM Higgs boson  
◆  Multiple decay modes, production mechanisms 

■  Add Top and W boson information 
◆  SM looks ok and good 

●  And the properties of the top look good/ok 
■  Next up: 

◆  Lecture 4: Searches for New Physics 
●  Supersymmetry 
●  Exotica 
●  The HL-LHC 
●  Summary 

Mar 13-17 2017 
CLASHEP 2017 79 


