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overview

SUSY - Mumbai 11th December ’17

* why the Higgs dimuon channel?

* CMS & particle reconstruction

* Higgs dimuon search strategy 

* where are we now? where do we go from here? 
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Higgs and its field

by now everything is cast in “stone” 
another type of evolution, from electrons back to… 

ot
offee

close to CERN Control Centre 
SUSY - Mumbai 11th December ’17
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Higgs and its field

ot
offee

close to CERN Control Centre 

gauge fields (photon, W, Z, gluon)

fermions/gauge  
bosons couplings

Higgs/fermions  
couplings

Higgs  
potentialHiggs/gauge bosons  

couplings
Higgs self  
coupling

by now everything is cast in “stone” 
another type of evolution, from electrons back to… SUSY - Mumbai 11th December ’17
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Higgs production at LHC
from 8 to 13 TeV

Higgs Production at 125 GeV 

ggH#(87.4%)#
Gluon#fusion#

VH#(4.9%)#

VBF#(7.1%)#
Vector#boson#fusion#

=H#(0.6%)#
Run#I# Run#II#

7/8#TeV#(2011/2012)# 13#TeV#(>2015)##

2.3x#

2.4x#

2.0x#
2.1x#

3.9x#

Florencia*Canelli*,*University*of*Zurich* 4*
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b

b-

ggH (86.2%)

VH (4.4%)

VBF (7.4%)

 ttH (1%)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
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Higgs decays
— overview —

* gauge bosons:
- high mass resolution 
and good S/B ratio 
- - 𝛄𝛄 and ZZ*
- worse mass resolution
- - WW*
- low S/B ratio
- - Z𝛄

SUSY - Mumbai 11th December ’17
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Higgs decays
— overview —

* gauge bosons:
- high mass resolution 
and good S/B ratio 
- - 𝛄𝛄 and ZZ*
- worse mass resolution
- - WW*
- low S/B ratio
- - Z𝛄

* 3rd generation: 
- high yield
- low S/B ratio
- low mass resolution
- - 𝛕𝛕 and bb
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Higgs decays
— overview —

* gauge bosons:
- high mass resolution 
and good S/B ratio 
- - 𝛄𝛄 and ZZ*
- worse mass resolution
- - WW*
- low S/B ratio
- - Z𝛄

* 2nd generation: 
- good mass resolution 
- low S/B ratio
- - 𝛍𝛍 
- poor S/B ratio
- - cc

* 3rd generation: 
- high yield
- low S/B ratio
- low mass resolution
- - 𝛕𝛕 and bb

* H →𝛍𝛍 branching fraction: 2.18 x 10-4

SUSY - Mumbai 11th December ’17
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Higgs boson in numbers after

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [j ] ( 6.08 ±0.13 ) % –
B0

s X [j ] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.09 ± 0.24 GeV
Full width Γ < 0.013 GeV, CL = 95%

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 ± 0.11
W W ∗ = 1.08+0.18

−0.16

Z Z∗ = 1.29+0.26
−0.23

γγ = 1.16 ± 0.18
bb = 0.82 ± 0.30 (S = 1.1)
µ+µ− = 0.1 ± 2.5
τ+ τ− = 1.12 ± 0.23
Z γ < 9.5, CL = 95%
t t H0 Production = 2.3+0.7

−0.6

HTTP://PDG.LBL.GOV Page 4 Created: 5/30/2017 17:13

* very large uncertainties on dimuon 
signal strength and Higgs-muon coupling

the LHC Run I legacy …

SUSY - Mumbai 11th December ’17
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CMS detector

a theory is a beautiful thing, 
a detector is a brilliant idea, 

to test a theory with a detector …

SUSY - Mumbai 11th December ’17
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C(ompact) M(uon) S(olenoid)

probably, 
 the best detector 

in the worldSUSY - Mumbai 11th December ’17
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CMS: particle flow reconstruction
* Muons in CMS:

track segment reconstructed in the muon chambers is 
matched with the track in silicon tracker (global muon)

3.8T

* coverage: |η| < 2.4, η = - ln [tan(θ/2)] 
* transverse momentum resolution: 
σ pT /pT  ≈ 0.015% pT   +  0.5%

SUSY - Mumbai 11th December ’17
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Higgs dimuon search strategy

when this slide was first time shown in CMS 
people start laughing 

SUSY - Mumbai 11th December ’17
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CMS-PAS-HIG-17-019

Higgs: 𝛍𝛍 channel targeting  2 x 𝛔/𝛔SM

* exploit high mass resolution

goals ingredients

* muon momentum corrections

* overcome the main dimuon 
background contributions from 
Drell-Yan and tt

* Higgs production process 
specific categories 

* enhance signal over 
background (at maximum)

* optimise the event categories 
using Boosted Decision Trees 

but we kept cool and going…

SUSY - Mumbai 11th December ’17
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so, let’s mix the ingredients

* muon momentum corrections

* topological and Higgs 
production process specific 
categories 

* optimise the event categories 
using Boosted Decision Trees 

CMS

now in Run II we said that we target 2 x 𝛔/𝛔SM,  
people did not say anything anymore…

in Run I we said that we target 5 x 𝛔/𝛔SM,  
people said: be happy if you get 10 x 𝛔/𝛔SM,  
at the end of Run 1 we reached 6.5 x 𝛔/𝛔SM

SUSY - Mumbai 11th December ’17
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𝛍: momentum corrections

(|η|<0.5) was 5.49 ± 0.01 (stat.) ± 0.17 (syst.) per collision. The Letter with the result was submitted to 
Physics Letters B on 21 July and the pre-print can be found at https://cds.cern.ch/record/2036310/  

 

Figure 1: Measured charged-hadron production as a function of pseudorapidity (left), and the multiplicity 
in the central region compared to previous measurements at lower energies and theoretical models. 

2.$Re;discovering$particles$and$testing$the$discovery$potential$
An important test of the CMS detector’s performance at 13 TeV lies in its ability to observe known 
particles. Figure 2 is a mass histogram of pairs of muons produced from proton collisions in the CMS 
detector, clearly showing peaks in the data corresponding to particles ranging from the omega meson (ω) 
to the Z boson. The particles in this spectrum were originally discovered over several decades but it took 
CMS just weeks to observe them all at 13 TeV. Details about the CMS performance studies can be found 
at https://twiki.cern.ch/twiki/bin/view/CMSPublic/PublicPlotsEPS2015. 

 

Figure 2: The di-muon invariant mass spectrum at 13 TeV 

Several processes in the 13TeV data have been studied in some detail. One highlight of this effort is a 
first look at the di-jet invariant-mass spectrum up to approximately 5 TeV (Figure 3), demonstrating the 
readiness of CMS for new physics at these high energies. 

* Kalman Filter [1] Corrections

- derived from J/Ψ and Z boson at the pole mass
- extrapolated to Higgs mass

- previously used for precision measurements of 
the Higgs boson mass [2] in 13 TeV pp collisions

[1] NIM A 262 (1987) 444
[2] JHEP 11 (2017) 047

there is a reason why  
we are called CMS…

a small step for the muons,  
a big step for the Higgs bosonSUSY - Mumbai 11th December ’17
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physics objects and event selection

physics objects:

* muons
- global reconstructed muons
- pT > 20 GeV and |η| < 2.4
- ID working point: medium (98% efficiency)
- isolated

SUSY - Mumbai 11th December ’17
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physics objects and event selection

physics objects:

* muons
- global reconstructed muons
- pT > 20 GeV and |η| < 2.4
- ID working point: medium (98% efficiency)
- isolated

* jets
- input: particle flow candidates (except the 
selected muons)
- reconstructed with the anti-kT algorithm (d=0.4)
- corrected against multiple interactions in the 
same bunch crossing (pileup)
- pT > 30 GeV and |η| < 4.7
- applied b-tag identification for jets with |η| < 2.4  
at 65% efficiency and 1% mis-tagging rate

SUSY - Mumbai 11th December ’17
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physics objects and event selection

physics objects:

* muons
- global reconstructed muons
- pT > 20 GeV and |η| < 2.4
- ID working point: medium (98% efficiency)
- isolated

* jets
- input: particle flow candidates (except the 
selected muons)
- reconstructed with the anti-kT algorithm (d=0.4)
- corrected against multiple interactions in the 
same bunch crossing (pileup)
- pT > 30 GeV and |η| < 4.7
- applied b-tag identification for jets with |η| < 2.4  
at 65% efficiency and 1% mis-tagging rate

event selection:

* online
- isolated single muon trigger with pT > 24 GeV

* offline
- 2 opposite charged muons
- at least one muon matched with the trigger 
and pT > 26 GeV 

SUSY - Mumbai 11th December ’17
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physics objects and event selection

physics objects:

* muons
- global reconstructed muons
- pT > 20 GeV and |η| < 2.4
- ID working point: medium (98% efficiency)
- isolated

* jets
- input: particle flow candidates (except the 
selected muons)
- reconstructed with the anti-kT algorithm (d=0.4)
- corrected against multiple interactions in the 
same bunch crossing (pileup)
- pT > 30 GeV and |η| < 4.7
- applied b-tag identification for jets with |η| < 2.4  
at 65% efficiency and 1% mis-tagging rate

event selection:

* online
- isolated single muon trigger with pT > 24 GeV

* offline
- 2 opposite charged muons
- at least one muon matched with the trigger 
and pT > 26 GeV 

corrections:

* muon momentum
* MC pileup re-weighting
* data/MC scale factors for muons 
reconstruction and trigger efficiency, and b-
tagging

SUSY - Mumbai 11th December ’17
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physics objects and event selection

physics objects:

* muons
- global reconstructed muons
- pT > 20 GeV and |η| < 2.4
- ID working point: medium (98% efficiency)
- isolated

* jets
- input: particle flow candidates (except the 
selected muons)
- reconstructed with the anti-kT algorithm (d=0.4)
- corrected against multiple interactions in the 
same bunch crossing (pileup)
- pT > 30 GeV and |η| < 4.7
- applied b-tag identification for jets with |η| < 2.4  
at 65% efficiency and 1% mis-tagging rate

event selection:

* online
- isolated single muon trigger with pT > 24 GeV

* offline
- 2 opposite charged muons
- at least one muon matched with the trigger 
and pT > 26 GeV 

corrections:

* muon momentum
* MC pileup re-weighting
* data/MC scale factors for muons 
reconstruction and trigger efficiency, and b-
tagging

this is what took most of the time, 
a good wine needs its timeSUSY - Mumbai 11th December ’17
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events 

* total number of expected signal 
events:

- ggH = 380.4 events
- VBF = 29.6 events
- WH = 10.7 events
- ZH = 6.9 events
- ttH = 3.9 events

* efficiency* acceptance: ~ 57%

* total number of background 
events: ~13000/GeV @ 125 GeV

the difference between netto and brutto:  
don’t forget about efficiency and acceptance

SUSY - Mumbai 11th December ’17
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transformed BDT
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optimisation

* Boosted Decision Tree: 
maximise separation between signal and 
background events 

* input variables:
- pT and η of the dimuon system 
- |δη| and |δφ| between the muons 
- η values of the two highest - pT jets
- invariant mass of the two highest–mass
dijet pairs
-  |δη| between the jets in the two highest
mass pairs
- number of jets with |η| < 2.4 and |η| > 2.4
- number of b-tagged jets
- missing energy in transverse plane

* BDT output:
for event categories we used the  transformed 
BDT response: uniform signal expectation 

st: signal top 
V: W, Z 
TTX: tt V-

-

SUSY - Mumbai 11th December ’17
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transformed BDT
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optimisation

* Boosted Decision Tree: 
maximise separation between signal and 
background events 

* input variables:
- pT and η of the dimuon system 
- |δη| and |δφ| between the muons 
- η values of the two highest - pT jets
- invariant mass of the two highest–mass
dijet pairs
-  |δη| between the jets in the two highest
mass pairs
- number of jets with |η| < 2.4 and |η| > 2.4
- number of b-tagged jets
- missing energy in transverse plane

* BDT output:
for event categories we used the  transformed 
BDT response: uniform signal expectation 

st: signal top 
V: W, Z 
TTX: tt V-

-

SUSY - Mumbai 11th December ’17
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transformed BDT
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optimisation

* Boosted Decision Tree: 
maximise separation between signal and 
background events 

* input variables:
- pT and η of the dimuon system 
- |δη| and |δφ| between the muons 
- η values of the two highest - pT jets
- invariant mass of the two highest–mass
dijet pairs
-  |δη| between the jets in the two highest
mass pairs
- number of jets with |η| < 2.4 and |η| > 2.4
- number of b-tagged jets
- missing energy in transverse plane

* BDT output:
for event categories we used the  transformed 
BDT response: uniform signal expectation 

st: signal top 
V: W, Z 
TTX: tt V-

-

in case you didn’t notice 
the machines took over … since a while

SUSY - Mumbai 11th December ’17
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transformed BDT
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* iterative process
* maximize gain

SIG2=signal2/background

GAIN=SIG2New1+SIG2New2 -SIG2Old

* step1: estimate SIG2 for all events

* step2: 
- split events according to max |η | of 
the 2 muons
- categories: New1 & New2 
- check gain

* step 3: if gain > 0 continue
…
* step n: if gain ~ 0 stop

best mass  
resolution when  

both muons  
have 

|η | < 0.9  

SUSY - Mumbai 11th December ’17
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event categories

output
cat. 0 cat. 1

1.9 < |η | < 2.4 

cat. 2
0.9 < |η | < 1.9

cat. 3
 |η | < 0.9

cat. 4
1.9 < |η | < 2.4 

cat. 5
0.9 < |η | < 1.9

cat. 6
 |η | < 0.9

cat. 7
1.9 < |η | < 2.4 

cat. 8
0.9 < |η | < 1.9

cat. 9
 |η | < 0.9

cat. 10
1.9 < |η | < 2.4 

cat. 11
0.9 < |η | < 1.9

cat. 12
 |η | < 0.9

cat. 13 cat. 14

100%95%91%76%61%39%8%0%
signal

SUSY - Mumbai 11th December ’17
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event categories

output

4

Table 1: The optimized event categories, the product of acceptance and selection efficiency
(Ae) in % for the different production processes, the expected number of SM signal events
(mH = 125 GeV), the estimated number of background events at 125 GeV, the full width at half
maximum (FWHM) of the signal peak, the background functional fit form as explained in the
text and the S/

p
B within FWHM.

Index BDT quantile Max. muon |h| ggH VBF WH ZH ttH Signal Bkg./GeV FWHM Bkg. functional S/
p

B
[%] [%] [%] [%] [%] @125GeV [GeV] fit form @ FWHM

0 0 � 8% |h| < 2.4 4.9 1.3 3.3 6.3 31.9 21.2 3150.5 4.2 mBW ·Bdeg4 0.12
1 8 � 39% 1.9 < |h| < 2.4 5.6 1.7 3.9 3.5 1.3 22.3 1327.5 7.3 mBW ·Bdeg4 0.16
2 8 � 39% 0.9 < |h| < 1.9 10.3 2.8 6.5 6.4 5.2 41.1 2222.2 4.1 mBW ·Bdeg4 0.29
3 8 � 39% |h| < 0.9 3.2 0.8 1.9 2.1 3.5 12.7 775.9 2.9 mBW ·Bdeg4 0.17
4 39 � 61% 1.9 < |h| < 2.4 2.9 1.7 2.7 2.7 0.3 11.8 435.0 7.0 mBW ·Bdeg4 0.14
5 39 � 61% 0.9 < |h| < 1.9 7.2 3.3 6.1 5.2 1.3 29.2 955.9 4.1 mBW ·Bdeg4 0.31
6 39 � 61% |h| < 0.9 3.6 1.1 2.6 2.2 0.9 14.5 479.3 2.8 mBW ·Bdeg4 0.26
7 61 � 76% 1.9 < |h| < 2.4 1.2 1.5 1.8 1.7 0.2 5.2 146.6 7.6 mBW ·Bdeg4 0.11
8 61 � 76% 0.9 < |h| < 1.9 4.8 3.6 4.5 4.4 0.7 20.3 514.3 4.2 mBW ·Bdeg4 0.29
9 61 � 76% |h| < 0.9 3.2 1.6 2.3 2.1 0.6 13.1 319.7 3.0 mBW 0.28
10 76 � 91% 1.9 < |h| < 2.4 1.2 3.1 2.2 2.1 0.2 5.8 102.4 7.2 Sum Exp(n=2) 0.14
11 76 � 91% 0.9 < |h| < 1.9 4.4 8.7 6.2 6.0 1.1 20.3 363.3 4.2 mBW 0.34
12 76 � 91% |h| < 0.9 3.1 4.0 3.8 3.6 0.9 13.7 230.0 3.2 mBW ·Bdeg4 0.34
13 91 � 95% |h| < 2.4 1.7 6.4 2.5 2.6 0.5 8.6 95.5 4.0 mBW 0.28
14 95 � 100% |h| < 2.4 2.0 19.4 1.5 1.4 0.7 13.7 82.4 4.2 mBW 0.47
overall 59.1 61.1 51.8 52.3 49.2 253.3 12 961.5 3.9

resolution (right).123
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Figure 2: Signal model compared to MC predictions, weigthed sum of the contribution from
all process and all categories (left), and for one of the best mass resolution, category 6, (right)
normalised to unity.

The invariant mass distribution of the background primarily follows the smoothly decreasing124

shape of the high-mass DY distribution. A secondary contribution is induced by the single125

and pair production of top quarks, which have flatter profiles. Several analytic functions were126

considered for the background shape. The first set includes generic series, such as a sum of127

exponential functions or of Bernstein polynomials, which involve no prior assumption about128

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak129

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-130

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra131

templates multiplied by polynomial functions are considered.132

transformed 
BDT

cat. 0 cat. 1
1.9 < |η | < 2.4 

cat. 2
0.9 < |η | < 1.9

cat. 3
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cat. 4
1.9 < |η | < 2.4 

cat. 5
0.9 < |η | < 1.9

cat. 6
 |η | < 0.9

cat. 7
1.9 < |η | < 2.4 

cat. 8
0.9 < |η | < 1.9

cat. 9
 |η | < 0.9

cat. 10
1.9 < |η | < 2.4 

cat. 11
0.9 < |η | < 1.9

cat. 12
 |η | < 0.9

cat. 13 cat. 14

100%95%91%76%61%39%8%0%
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event categories
4

Table 1: The optimized event categories, the product of acceptance and selection efficiency
(Ae) in % for the different production processes, the expected number of SM signal events
(mH = 125 GeV), the estimated number of background events at 125 GeV, the full width at half
maximum (FWHM) of the signal peak, the background functional fit form as explained in the
text and the S/

p
B within FWHM.

Index BDT quantile Max. muon |h| ggH VBF WH ZH ttH Signal Bkg./GeV FWHM Bkg. functional S/
p

B
[%] [%] [%] [%] [%] @125GeV [GeV] fit form @ FWHM

0 0 � 8% |h| < 2.4 4.9 1.3 3.3 6.3 31.9 21.2 3150.5 4.2 mBW ·Bdeg4 0.12
1 8 � 39% 1.9 < |h| < 2.4 5.6 1.7 3.9 3.5 1.3 22.3 1327.5 7.3 mBW ·Bdeg4 0.16
2 8 � 39% 0.9 < |h| < 1.9 10.3 2.8 6.5 6.4 5.2 41.1 2222.2 4.1 mBW ·Bdeg4 0.29
3 8 � 39% |h| < 0.9 3.2 0.8 1.9 2.1 3.5 12.7 775.9 2.9 mBW ·Bdeg4 0.17
4 39 � 61% 1.9 < |h| < 2.4 2.9 1.7 2.7 2.7 0.3 11.8 435.0 7.0 mBW ·Bdeg4 0.14
5 39 � 61% 0.9 < |h| < 1.9 7.2 3.3 6.1 5.2 1.3 29.2 955.9 4.1 mBW ·Bdeg4 0.31
6 39 � 61% |h| < 0.9 3.6 1.1 2.6 2.2 0.9 14.5 479.3 2.8 mBW ·Bdeg4 0.26
7 61 � 76% 1.9 < |h| < 2.4 1.2 1.5 1.8 1.7 0.2 5.2 146.6 7.6 mBW ·Bdeg4 0.11
8 61 � 76% 0.9 < |h| < 1.9 4.8 3.6 4.5 4.4 0.7 20.3 514.3 4.2 mBW ·Bdeg4 0.29
9 61 � 76% |h| < 0.9 3.2 1.6 2.3 2.1 0.6 13.1 319.7 3.0 mBW 0.28
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Figure 2: Signal model compared to MC predictions, weigthed sum of the contribution from
all process and all categories (left), and for one of the best mass resolution, category 6, (right)
normalised to unity.

The invariant mass distribution of the background primarily follows the smoothly decreasing124

shape of the high-mass DY distribution. A secondary contribution is induced by the single125

and pair production of top quarks, which have flatter profiles. Several analytic functions were126

considered for the background shape. The first set includes generic series, such as a sum of127

exponential functions or of Bernstein polynomials, which involve no prior assumption about128

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak129

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-130

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra131

templates multiplied by polynomial functions are considered.132

transformed 
BDT

* FWHM: full width at half maximum
* Bkg./GeV @ 125 GeV: total number of background events
* mBW, Bdeg4, Sum Exp: fit functions used to estimated background with data 

* most sensitive categories: 12 & 14
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event categories: signal composition
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signal and background modelling 
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category 14
(right) with the Modified Breit-Wigner functional form. The bottom panels show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4 are used to fit the data in each139

category. From each of these fits, thousands of pseudo-datasets are created, taking into account140

the uncertainty on the fit parameters. Each of the functions is then used to fit the pseudo-141

datasets generated from the other functions, with the measured signal yield floating freely in142

the fit. The bias is computed as the measured excess or deficit signal yield, and the function143

with the smallest bias fitting the pseudo-data from all the other functions in a given category144

is chosen. The maximum possible bias in all categories for mH = 120, 125, and 130 GeV is less145

than 20% of the statistical uncertainty, corresponding to an overall uncertainty on the calculated146

limit of <1%, which can be neglected.147

The systematic uncertainties considered in the analysis account for possible mismodeling in148

shape, rate, or category migrations of the signal model. The shape of the reconstructed Higgs149

* signal:

- a sum of up to three Gaussian 
functions
- good description of the distributions 
including the tails

* background:

- functional form chosen separately for each category
- choice: based on minimising the possible bias in the 
fitted signal yield

without models no chance to  
survive these daysSUSY - Mumbai 11th December ’17
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Higgs: 𝛍𝛍 channel targeting  2 x 𝛔/𝛔SM
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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* no significant signal was observed
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Higgs: 𝛍𝛍 channel targeting  2 x 𝛔/𝛔SM
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^

* no significant signal was observed
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Higgs: 𝛍𝛍 channel targeting  2 x 𝛔/𝛔SM
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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* no significant signal was observed
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Higgs: 𝛍𝛍 channel targeting  2 x 𝛔/𝛔SM

68 12 Results

Table 12.1: 95% CL on the SM signal strength modifier.

mH [GeV] Expected Limits Observed limit�2s �1s median 1s 2s
120 1.01 1.41 1.95 2.76 3.77 1.57
121 1.02 1.41 1.96 2.77 3.78 1.33
122 1.04 1.39 1.98 2.80 3.83 1.51
123 1.06 1.42 1.99 2.84 3.89 2.11
124 1.09 1.45 2.03 2.88 3.94 2.68
125 1.12 1.49 2.08 2.95 4.03 2.64
126 1.15 1.53 2.14 3.02 4.14 2.35
127 1.19 1.58 2.19 3.09 4.25 2.16
128 1.21 1.63 2.26 3.20 4.39 2.03
129 1.26 1.65 2.32 3.29 4.51 1.96
130 1.28 1.70 2.37 3.38 4.62 1.93
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Figure 12.4: The 2D log L versus µ. Scans are derived using the Asimov data-set (blind).
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* best fit is obtained for a signal strength of 0.7 ± 1.0 at a Higgs mass of 125 GeV
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we still have an                    in our hand
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Run I & Run II

70 12 Results
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Figure 12.6: 95% CL upper limit on the signal strength modifier (left) and p-value significance
(right).

Table 12.3: Combined Limits

mH [GeV] Expected Limits Observed limit�2s �1s median 1s 2s
120 0.96 1.28 1.79 2.54 3.46 1.41
121 0.95 1.30 1.81 2.54 3.46 1.21
122 0.99 1.31 1.82 2.56 3.49 1.38
123 0.97 1.30 1.82 2.60 3.54 1.93
124 1.00 1.33 1.86 2.63 3.59 2.53
125 1.01 1.35 1.89 2.68 3.65 2.64
126 1.04 1.39 1.94 2.75 3.74 2.43
127 1.08 1.44 1.99 2.81 3.84 2.15
128 1.08 1.46 2.04 2.89 3.94 1.87
129 1.12 1.49 2.08 2.95 4.05 1.65
130 1.15 1.53 2.14 2.99 4.13 1.45
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* a milestone in the dimuon Higgs decay 
search for a mass of 125 GeV is achieved: 

- combined (expected) 𝛔/𝛔SM : 2.68 (1.89)
- significance: 0.98
- signal strength: 0.9 +1.0 /-0.9
- observed (expected) upper limit on               
branching fraction: 5.7 (5.1) x 10-4

Higgs: 𝛍𝛍 channel below 2 x 𝛔/𝛔SM
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Higgs boson as of today

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [j ] ( 6.08 ±0.13 ) % –
B0

s X [j ] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.09 ± 0.24 GeV
Full width Γ < 0.013 GeV, CL = 95%

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 ± 0.11
W W ∗ = 1.08+0.18

−0.16

Z Z∗ = 1.29+0.26
−0.23

γγ = 1.16 ± 0.18
bb = 0.82 ± 0.30 (S = 1.1)
µ+µ− = 0.1 ± 2.5
τ+ τ− = 1.12 ± 0.23
Z γ < 9.5, CL = 95%
t t H0 Production = 2.3+0.7

−0.6

HTTP://PDG.LBL.GOV Page 4 Created: 5/30/2017 17:13

0.9 -0.9
+1.0
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where do we go from here? 

* LHC had yet another great year in 2017
(CMS best wishes for the next year)

* we have the chance of doubling the 2016 
statistics: a factor √2  improvement in 
sensitivity is within reach
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this is were the dimuon story takes a break   
today, it is time for questions…
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dimuon mass spectrum
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130

Bernsteins (Bdeg n):B(x) =
n

Â
i=0

ai

✓
n

i

◆
x

i(1 � x)n�i

�
(1)

Sum of exponentials (Sum Exp):B(x) =
n

Â
i=1

bie
ai x (2)

Breit–Wigner:B(x) =
e

axsz

(x � µz)2 + ( sz

2 )
2 (3)

Modified Breit–Wigner (mBW):B(x) =
e

a2x+a3x
2

(x � µz)a1 + ( sz

2 )
a1

(4)

In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^ Cat. 14

* best fit is obtained for a signal strength of 0.7 ± 1.0 
at a Higgs mass of 125 GeV
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).
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combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^ Cat. 14

* best fit is obtained for a signal strength of 0.7 ± 1.0 
at a Higgs mass of 125 GeV
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Kalman filter

* an iterative process

* can be used for:

- track reconstruction (not only in 
particle physics)

- momentum calibration
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