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13 𝑇𝑒𝑉 dataset recorded in 

2016: 35.9 𝑓𝑏−1
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NEW



CMS: a general-purpose detector at the LHC

Broad physics programme:
• Studying the SM (including the Higgs boson)
• Searching for extra dimension and DM particles

Good operating conditions in 2016
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CMS & LHC

The Compact Muon Solenoid (CMS) is a general-purpose detector at the Large Hadron 



Higgs production and decay
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𝑡, 𝑏, ? CERN YR 4: arXiv:1610.07922

≈ 58%

≈ 21%

≈ 6.3%

≈ 2.6%

≈ 0.23%

≈ 0.022%

Production

• ggH

• VBF

• VH

• 𝑡 ҧ𝑡𝐻

Decay

• 𝐻 → 𝑏ത𝑏

• 𝐻 → 𝑊𝑊

• 𝐻 → 𝜏𝜏

• 𝐻 → 𝑍𝑍

• 𝐻 → 𝛾𝛾

http://arxiv.org/abs/arXiv:1610.07922


Individual signal strengths (production and decay)
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Production Decay

CMS + ATLAS Run 1 legacy JHEP 08 (2016) 045



Individual signal strengths (fermionic vs bosonic)
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CMS + ATLAS Run 1 legacy JHEP 08 (2016) 045



Individual couplings
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JHEP 08 (2016) 045

(for fermions) used 

• 𝜅𝑉 and 𝜅𝐹 used to quantify 
deviation from SM

• Couplings constrained by Run-I 
measurements

• All channels compatible 
with 𝜅𝑉 = 1 and 𝜅𝐹 = 1

• Result consistent with 
the SM expectations



CMS-only 7 𝑇𝑒𝑉 + 8 𝑇𝑒𝑉 results 
on signal strengths and couplings

• 19.7 𝑓𝑏−1 8 𝑇𝑒𝑉 + 5.1 𝑓𝑏−1 7 𝑇𝑒𝑉
complete Run I CMS dataset

• Individual signal strengths in the main
Higgs decay channels compatible with 1.0
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• Individual 
couplings 
compatible 
with the SM 
expectations

• Agreement 
within the 1𝜎
region

EPJC75 (2015) no.5, 212



𝐻 → 𝛾𝛾
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Characteristics:
• High resolution: 

𝜎~1 − 2%𝑚𝛾𝛾

• Clean final state
• Small BR

CMS-PAS-HIG-16-040

Signal:
• Two isolated and high ET photons

Background:
• Continuum 𝛾𝛾 (irreducible)
• Fakes from 𝛾+jet/jet+jet (reducible)

BDT usage
• Photon ID
• Selection of 𝛾𝛾 Vx
• Selection of 𝛾𝛾

events

Event tagging



𝐻 → 𝛾𝛾 signal strength
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CMS-PAS-HIG-16-040 

• Individual signal strengths for 
each of the Higgs production 
modes

• Signal strengths measured in 
bosonic and fermionic parts

Standard Model 
consistent3.3𝜎, 1.6𝜎
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Measurements of coupling 
modifiers

• To photons and gluons (𝜅𝛾, 𝜅𝑔)
• To vector bosons and fermions 

(𝜅𝑉, 𝜅𝑓)

Both results

compatible with the SM

𝐻 → 𝛾𝛾 couplings

CMS-PAS-HIG-16-040 



CMS requires two high-𝑝𝑇 isolated photons 
within the fiducial volume

No classification based on production mode, 
implicitly focus on 𝑔𝑔𝐻

Event classification based on mass resolution 
estimator 𝜎𝑚/𝑚𝛾𝛾 improves sensitivity by 10%

Simultaneously extract signal and unfold 
distributions using a ML fit

𝐻 → 𝛾𝛾 differential fiducial 𝜎
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CMS-PAS-HIG-17-015

Diff. fid. 𝜎
measured for 𝑝𝑇
and 𝑁𝑗𝑒𝑡𝑠

No significant 
deviations of 
distributions from 
the SM predictions

Most precise fid. 
measurement to 
date

NEW

84−12
+13 𝑓𝑏 (75−4

+4 𝑓𝑏 theoretically)



Signal:
• 4 isolated leptons (𝑒, 𝜇) with excellent 

momentum resolution: two pairs of same 
flavour, opposite sign leptons (4𝑒, 4𝜇, 2𝑒2𝜇, or 
2𝜇2𝑒)

• Fully reconstructed mass peak
• Large 𝑆/𝐵 ratio (>2:1)

Backgrounds:
• SM 𝑍𝑍 (main background, irreducible) estimated 

from MC
• 𝑍 + 𝑋: fakes from 𝑍+jets, ... (reducible) 

estimated from data-driven methods

• Events split into 7 categories according to Higgs 
productions modes to increase sensitivity, based 
on: # of leptons, # of (𝑏-)jets, 𝐸𝑇

𝑚𝑖𝑠𝑠 and 
selections on kinematic discriminants (𝒟𝑏𝑘𝑔

𝑘𝑖𝑛 )

𝐻 → 𝑍𝑍∗ → 4𝑙
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𝒟𝑏𝑘𝑔
𝑘𝑖𝑛 = 1 +

𝒫𝑏𝑘𝑔
𝑞 ത𝑞

Ω𝐻→4𝑙|𝑚4𝑙

𝒫𝑠𝑖𝑔
𝑔𝑔

Ω𝐻→4𝑙|𝑚4𝑙

−1

CMS PAS HIG-16-041



• Vs event category
• Vs production mode
• 2D likelihood scan

All compatible within the present 
uncertainties

𝐻 → 4𝑙 signal strength
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𝐻 → 4𝑙 fiducial cross section
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NEW

Minimal dependence on the 
assumptions of the relative 
fraction or kinematic distributions 
of the separate production modes

No significant deviations from SM 
predictions

𝜎𝑓𝑖𝑑. = 2.90−0.44
+0.48 𝑠𝑡𝑎𝑡. −0.22

+0.27 𝑠𝑦𝑠𝑡. 𝑓𝑏

𝜎𝑓𝑖𝑑.
𝑆𝑀 = 2.72 ± 0.14 𝑓𝑏 (theoretically.)



Differential cross sections vs:
• 𝑝𝑇(H)
• N(jets)
• 𝑝𝑇(jet)

𝐻 → 4𝑙 differential 
fiducial cross section
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NEW

Compared with predictions from POWHEG (NLO)



𝐻 → 4𝑙 mass and width
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CMS PAS HIG-16-041

Width 
measurement: 
using on-shell 

production
If 𝑚𝐻 floated, 
𝛤𝐻 < 1.1 GeV 

@ 95% C.L.

Already < 0.2% precision𝑚𝐻 = 125.09 ± 0.21 𝑠𝑡𝑎𝑡. ± 0.11 𝑠𝑦𝑠𝑡. 𝐺𝑒𝑉

𝑚𝐻 = 125.26 ± 0.20 𝑠𝑡𝑎𝑡. ± 0.08 𝑠𝑦𝑠𝑡. 𝐺𝑒𝑉

NEW

Mass measurement based on 3D 
fit on the
• invariant mass
• expected uncertainty on mass

• the discriminant 𝒟𝑏𝑘𝑔
𝑘𝑖𝑛



Four decay mode 
combinations:
• e𝜏ℎ

• 𝜇𝜏ℎ
• 𝜏ℎ𝜏ℎ
• 𝑒𝜇
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𝐻 → 𝜏𝜏

Main 
backgrounds:
• Drell-Yan
• 𝑊/𝑍+jets

• 𝑡 ҧ𝑡
• QCD

CMS PAS HIG-16-043

ML fit with 2D distributions



Excess in 𝐻 → 𝜏𝜏

Clearly visible at 
𝑚𝐻 = 125 𝐺𝑒𝑉
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CMS PAS HIG-16-043

Observed significance: 4.9𝜎

Expected significance: 4.7𝜎



Higgs to 𝜏𝜏 signal strengths and couplings
Categories:
• 0-jet
• VBF
• Boosted
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Best-fit for the signal strength at 𝑚𝐻 = 125 𝐺𝑒𝑉:
𝜇 = 1.06 ± 0.25

Coupling modifiers compatible with the expectations
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𝑡 ҧ𝑡𝐻:

• 𝐻 → 𝑏ത𝑏

• 𝐻 → 𝛾𝛾

• 𝐻 → 𝜏𝜏

• 𝐻 → 4𝑙
• multilepton

In 𝐻 → 𝛾𝛾 and multilepton, 
significance > 3𝜎

all jets
47%

τ+jets
15%

μ+jets
15%

e+jets
14%

e+e
1%

μ+e
2%

μ+μ
1%

τ+e
2%

τ+μ
2%

τ+τ
1%

bb
57%

WW
21%

gg
9%

ττ
6%

cc
3%

ZZ
3%

γγ
0.2%

others
<1%

𝑡 ҧ𝑡 𝐻

ttHgg
ttH→multilepton
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𝑡 ҧ𝑡𝐻, 𝐻 → 𝑏ത𝑏
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No clear evidence for 𝑡 ҧ𝑡𝐻 (H → 𝑏ത𝑏) yet:

• Waiting for results from full 2016 dataset 

Selected events 
compatible with
1. Dilepton (minimal

non-𝑡 ҧ𝑡 background,
and jet combinatorics)

2. Lepton+jets (high 
statistics)

CMS-PAS-HIG-16-038



𝑡 ҧ𝑡𝐻 → multilepton
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𝑡 ҧ𝑡 + 𝑊𝑊 оr 𝑡 ҧ𝑡 + 𝑍𝑍
final states 
categories:

• 2𝑙𝑠𝑠

• 3𝑙

• 4𝑙

An evidence for 
𝑡 ҧ𝑡𝐻 production



𝑡 ҧ𝑡𝐻, 𝐻 → 𝜏𝜏
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Complementary to 
𝑡 ҧ𝑡𝐻 →multilepton

Event categories:
• 1𝑙 + 2𝜏ℎ
• 2𝑙𝑠𝑠 + 1𝜏ℎ
• 3𝑙 + 1𝜏ℎ

Results in 
agreement with 
the SM

Significance:
Observed: 1.4𝜎
Expected: 1.8𝜎

Upper limit on 
signal rate set at 
2.0 x SM 
production rate 
at 95% C.L.

NEW

Backgrounds:
• Non-prompt lepton
• Jet to 𝜏ℎ
• Charge-flip

Signal extraction using 
MEM and BDT



𝑡𝐻, 𝐻 → 𝑏ത𝑏

Signal region:
• 𝑒/𝜇 + 3 or 4 b-tagged jets
• 1 non-tagged jet

Obs. (exp.) 95% CL upper limit:
• 113.7 (98.6) × 𝜎𝑆𝑀 for the SM
• 6.0 (6.4) × 𝜎𝑆𝑀 for ITC scenario 

(𝜅𝑡 = −1)
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CMS-PAS-HIG-16-019

SM coupling to W,Z

𝜅𝑡
𝜅𝑉

Destructive interference in SM ⇒ 𝜎 ≈ 90 𝑓𝑏

BDT used to find 
jet assignment for 

𝑡 ҧ𝑡 and 𝑡𝐻𝑞
hypotheses

Search for 𝐻 → 𝑏ത𝑏 in association with a 
single top (𝑡 → 𝑏 𝑒 𝜇 𝜈)



𝑡𝐻 → multilepton
The process exposes relative sign of 𝑡-Higgs and 
𝑊-Higgs couplings via interference

Irreducible bkg (MC):

• 𝑡 ҧ𝑡 + 𝑋 (𝑋 = 𝑊, 𝑍, 𝐻, ɣ∗)
• Photon conversions
• Rare SM 𝑡𝑍𝑞, 𝑡𝑊𝑍, tri-bosons, 𝑊𝑊𝑞𝑞, 𝑡 ҧ𝑡𝑡 ҧ𝑡
• Di-bosons 𝑊𝑍, 𝑍𝑍

Reducible background (data-driven):
• Fakes due to non-prompt leptons and miss-ID 

of jets passing lepton selection
• Charge flips:

– Charge mis-ID (2𝑙𝑠𝑠)
– Opposite-sign processes (e.g. 𝑡 ҧ𝑡/𝑍+jets)

Analysis strategy:
• 2𝑙𝑠𝑠: 1 𝑊 from Higgs decays hadronically, 

others decay leptonically
• 3𝑙: 𝐻 → 𝑊𝑊/𝜏𝜏/ 𝑍𝑍, & where 𝑊 from 𝑡

decays leptonically

Benefit from enhanced production 𝜎 in case of 
anomalous top-Higgs couplings Predrag Cirkovic @ QFTHEP 2017 26

CMS-PAS-HIG-17-005



VBF Higgs (𝐻 → 𝑏ത𝑏)

VBF 𝐻 → 𝑏ത𝑏 properties:

• 𝜎 significantly larger than VH or 𝑡 ҧ𝑡𝐻 production

• Very large QCD production of multijet backg.

• BDT to ID VBF-like events in 4-jet signal event 
topology with 1 or 2 b-tagged jets

Predrag Cirkovic @ QFTHEP 2017 27
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Using 2.3 𝑓𝑏−1 @ 13 𝑇𝑒𝑉 only: 𝜇 = −3.7−2.5
+2.4

Combined with 18 − 19 𝑓𝑏−1 @ 8 𝑇𝑒𝑉: 𝜇 = 1.3−1.1
+1.2



MSSM Higgs (decaying to 𝜏𝜏)
• Final-state channels 𝜏ℎ𝜏ℎ, 𝜇𝜏ℎ, 𝑒𝜏ℎ and 𝑒𝜇

• Two event categories based on the number of 
𝑏-tagged jets

• Main backgrounds: 𝑍/𝛾∗ ⟶ 𝜏𝜏, QCD, 𝑡 ҧ𝑡

Predrag Cirkovic @ QFTHEP 2017 28
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Exclusion limits in the 
𝑚𝐴-tan 𝛽 plane in the 
context of the ℎ𝑀𝑆𝑆𝑀

No excess
in the mass range
100 𝐺𝑒𝑉 − 3 𝑇𝑒𝑉

Model independent
95% C.L. limits



• The 2HDM models predict a 
charged Higgs

• No excess in the mass range 
from 80 𝐺𝑒𝑉 − 3 𝑇𝑒𝑉

Charged Higgs
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Model independent 95% C.L. limits

MSSM 𝑚ℎ
𝑚𝑜𝑑+ exclusion limits in 𝑚𝐻+ - tan𝛽 plane

𝑚𝑇 for signal 
extraction



Doubly-charged Higgs
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Final-state channels: 𝑒𝑒, 𝑒𝜇, 𝜇𝜇, 𝑒𝜏, 𝜇𝜏, 𝜏𝜏

Selection:
• scalar sum 

of lepton 
𝑝𝑇

• difference 
between 
best 𝑍 and 
PDG 𝑍
mass

• ΔR 
between 
same sign 
leptons

• 𝐸𝑡
𝑚𝑖𝑠

• same sign 
invariant 
mass

• Extension of the SM with a 
scalar triplet Φ

• Model independent limits set 
assuming 100% decays to single 
pair of leptons

• Limits also set for four 
benchmarks targeting several 
neutrino mass hypotheses

• No significant excess observed



Invisible Higgs
Many models allow Higgs decays to invisibles:
• SUSY models with Higgs decays to a pair of LSP
• Large extra dimension models with mixing of 

graviscalars with the Higgs boson

Analyses target different production modes:
• VBF production: 2 forward jets
• VH production with: Z→ 𝑒𝑒/𝜇𝜇 (EXO-16-052), 

Z→ 𝑏𝑏, W/Z → 𝑞𝑞
• 𝑔𝑔𝐻 production in association with ISR

Predrag Cirkovic @ QFTHEP 2017 31JHEP 02 (2017) 135

Combination of 7 𝑇𝑒𝑉, 8 𝑇𝑒𝑉 and 13 𝑇𝑒𝑉 (2015):
• B(H→invisible) < 0.24/0.23 (obs./exp.) at 95% CL, 

where the largest sensitivity comes from the VBF

Z(ll)+ MET analysis updated with full 2016 dataset:
• B(H→invisible) < 0.40/0.42 (obs./exp.)

Monojet and V(jj) analyses with full 2016 dataset:
• B(H→invisible) < 0.53/0.40 (obs./exp.)



Di-Higgs
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Non-resonant SM di-Higgs production
provides a crucial test of EWSB

Many BSM models predict 𝑋 → 𝐻𝐻
production

Large number of possible final states
require one 𝐻 → 𝑏ത𝑏 to keep BF higher

NEW



Future
prospects
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Results extrapolated
to fit: 
• Upgraded detector 

for the HL LHC
• Higher integral 

luminosities 
300 𝑓𝑏−1 and 
3000 𝑓𝑏−1

Projections 
dominated by 
statistical 
uncertainties:
• 𝛿𝑅𝑢𝑛 1/(3‐4), up to 
300 𝑓𝑏−1

• 𝛿𝑅𝑢𝑛 1/(5-10), at 
HL i.e. 3000 𝑓𝑏−1



Summary and Outlook
• Improving precision of 𝐻 → 𝛾𝛾 and 𝐻 → 4𝑙 with ≈ 40 𝑓𝑏−1 at 
13 𝑇𝑒𝑉

• Observation of the SM 𝐻 → 𝜏𝜏 with ≈ 5 𝜎 excess

• Increased sensitivity of the search for the production of the Higgs 
associated to top quarks

• No significant deviations from the SM, no extra Higgs bosons, no 
sign of BSM

• Expecting an update of the presented analyses with even more 
data

• ~100 𝑓𝑏−1 of data to be delivered by the end of the LHC Run 2
Predrag Cirkovic @ QFTHEP 2017 34



BACKUP
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𝐻 → 𝑊𝑊
• 1 electron + 1 

muon + large 
missing ET + up 
to 1 jet

• Main 
backgrounds: 
𝑊𝑊, 𝑡 ҧ𝑡, single 𝑡, 
DY, 𝑊+jets etc.

• The events 
categorized to 
0/1 jets and 𝑒𝜇
or 𝜇𝑒

• The obs (exp) 
significance: 
0.7𝜎 (2.0𝜎)

• The best fit 
signal strength: 
0.3 ± 0.5 Predrag Cirkovic @ QFTHEP 2017 36CMS-PAS-HIG-15-003

Unrolled bi-dimensional distributions of the 𝑚𝑙𝑙 and 𝑚𝑇
𝐻

templates
0-jet, µe 0-jet, eµ

1-jet, µe 1-jet, eµ



𝐻 → 𝜇𝜇
Main background: Z/𝛾∗ → 𝜇𝜇

Small signal rate in SM: 𝐵𝑅 𝐻 → 𝜇𝜇 = 2 × 10−4

15 event categories:
• 2-jet events further classified into VBF/non-VBF
• 0-jet and 1-jet events categorized on the di-muon 𝑝𝑇

– further divided based on muon 𝜂 to exploit the difference in mass 
resolution between barrel and endcap
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Phys. Lett. B744 (2015) 184

Background and signal 
modeled by parametric 
function

Best fit 𝜎/𝜎𝑆𝑀: 0.8‐3.4
+3.5

Obs. (exp.) upper limit 
on the production rate: 
7.4 6.5 −1.9

+2.8 × 𝜎𝑆𝑀



Higgs combination (CMS + ATLAS)
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ggH VBF VH ttH

𝐻 → 𝛾𝛾 ✓ ✓ ✓ ✓

𝐻 → 𝑍𝑍 → 4𝑙 ✓ ✓ ✓ ✓

𝐻 → 𝑊𝑊 → 2𝑙2𝜈 ✓ ✓ ✓ ✓

𝐻 → 𝜏𝜏 ✓ ✓ ✓ ✓

𝐻 → 𝑏𝑏 ? ? ✓ ✓

𝐻 → 𝜇𝜇 ✓ ✓ ? ?

𝐻 → 𝑍𝛾 ? ? ? ?


