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‣ The Large Hadron Collider (LHC) and CMS: introduction

‣ Searches for “new” physics with the CMS detector

‣ Measurements that are testing the SM predictions as never 
before!
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Four experiments are analyzing the collision products at the LHC: 
ATLAS, CMS, ALICE and LHCb

~100m
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The Compact Muon Solenoid (CMS)
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• TOTEM installations and detector status

• RP status and plan

• T1 status and plan

• T2 status and plan

• Summary

TOTal cross-section, Elastic scattering and diffraction dissociation Measurement the LHC

OUTLOOK

CMS & TOTEM: forward region coverage

CASTOR

  7/17Very Forward Jets in CMS with CASTOR, Forward Physics and Diffraction 2018                                                                                                                        D. Sunar Cerci

Forward Detectors at CMSForward Detectors at CMS

 140 m  140 m

TOTEM T2
(in front of  
 CASTOR position)

TOTEM RPs
(147,220m)

TOTEM RPs
(147,220m)

•Tungsten-Quartz-Cherenkov

sampling calorimeter

• Octagonal cylindrical shape 

• Segmented in 16 sectors in φ and

14 modules in z  

• Separated electromagnetic and

hadronic sections 

• Located at 14.4 m from IP in CMS

CASTOR
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The Compact Muon Solenoid (CMS)

2885
PHYSICISTS
(922 STUDENTS)

995
ENGINEERS

279
TECHNICIANS

198
INSTITUTES

45
COUNTRIES & REGIONS

The CMS Collaboration brings together members of the particle physics community from across the 
globe in a quest to advance humanity’s knowledge of the very basic laws of our Universe. CMS has 
over 4000 particle physicists, engineers, computer scientists, technicians and students from 
around 200 institutes and universities from more than 40 countries.
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The Large Hadron Collider: pp collisions
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The LHC has also delivered 
several runs on pA and AA 
collisions.

https://lpc.web.cern.ch

https://lpc.web.cern.ch
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Detector Coverage

(ROUGHLY)

V. Chiochia (Uni. Zürich) – Phenomenology of Particle Physics, HS2010

Pseudorapidity
Particles produced at θ=90° have zero pseudorapidity
High |η| values are equivalent to very shallow scattering angles
Typical coverage of central detectors extends to |η|~3. 

Coverage of high rapidities (θ<5°) achieved with detectors at large z positions

5
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Show all  Total  Exotica  Standard Model  Supersymmetry  Higgs

Top Physics

Heavy Ion  B Physics  Forward Physics  Beyond 2 Generations

Detector Performance

732 collider data papers submitted as of 2018-04-05
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CMS publications  versus time

132 papers in 2017 
(record year for CMS!)
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All results at: http://cern.ch/go/pNj7

W

n jet(s)≥

Z

n jet(s)≥

γW γZ WW WZ ZZ
µll, l=e,→, Zνl→EW: W

qqW
EW qqZ

EW
WW
→γγ

γqqW
EW

ssWW
 EW

γqqZ
EW

qqZZ
EW γWV γγZ γγW tt

=n jet(s)

t-cht tW s-cht γtt tZq ttW ttZ tttt
σΔ in exp. HσΔTh. 

ggH qqH
VBF VH WH ZH ttH HH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 35.9 fb≤13 TeV CMS measurement (L 

Theory prediction
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theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminarySeptember 2017

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.07± 0.06 ±0.80 -12.3 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.05± 0.04 ±1.14 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 
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Predic9ons$if$MH=125$GeV$
•  174,000$Higgs$made$
– 397$decayed$to$2γ$
– 10$decayed$to$2$Z’s$
which$then$decayed$
to$e+e5µ+µ� pairs$

– 60%$of$the$Higgs$
bosons$decay$to$
bofom$quarks$

“Always(the(last(place(you(look”(

19$

The discovery of a new particle

…funny how it is always in the 
last place we look for it…

How do we “find” rare physics in 
hadron colliders?
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Needle in a haystack problem!

Higgs boson (?)

SUSY decay (?)

heavy resonance (?)

monojet (?)

4th generation (?)

…

p-p collisions are messy!

QCD background

Unprecedented pile up
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Understanding and modeling the QCD interactions has a  
direct impact on the potential for precision measurements  
and discovery.

‣ systematic uncertainties in physics calibration due to the 
non-perturbative QCD effects (e.g. the underlying event)

‣ model uncertainties in soft-QCD are propagated to the 
systematic uncertainties in many measurements (e.g. top-
quark mass)

‣ largest systematics for Higgs cross-section is from σ(ggF): 
7% due to QCD scales and 7% due to knowledge of  PDFs 

‣ W/Z+jet is often one of  the largest background to top-quark, 
SUSY, Higgs and exotic searches 

‣ pile up
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Single vertex reconstructed!2009
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29 pile up vertices!2012
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News on QCD and 
Electroweak measurements
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p

p

QCD at the LHC

• Essentially all physics at high-energy 
hadron colliders are connected to 
the interactions of  quarks and 
gluons (small & large transferred 
momentum). 

‣ Hard processes (high-pT): well 

described by perturbative QCD 

‣ Soft interactions (low-pT): require 

non-perturbative 
phenomenological models 

 Soft Interactions: Problems with 
strong coupling constant, αs(Q2), 
saturation effects,…

 On average, inelastic hadron-hadron collisions 
have low transverse energy, low multiplicity.
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Inelastic pp cross-section

The inelastic proton-proton cross section versus √s.  

Inelastic interactions are selected using rings of plastic 
scintillators (MBTS) in the forward region 
(2.07<｜η｜<3.86) 

Phys. Rev. Lett. 117 (2016) 182002

Proton-proton inelastic cross section at √s=13 TeV in two phase 
space regions, where ξ=M2/s, compared to different models 
and to the ATLAS result.  

The analysis is based on events with energy deposits in the 
forward calorimeters, which cover η of −6.6 < η < −3.0 and 
+3.0 < η < +5.2 (HF and CASTOR).  

σ(ξ > 10−6) = 67.5 ± 0.8 (syst) ± 1.6 (lumi) mb  

σ(ξX > 10−7 or ξY > 10−6) = 68.6 ± 0.5 (syst) ± 1.6 (lumi) mb 
arXiv:1802.02613v1  

Submitted to J. High Energy Phys. (Feb 2018)

A cross section of 68.1 ± 1.4 mb is measured in the 
fiducial region ξ=M2X/s > 10−6 

When extrapolated to the full phase space, a 
cross section of 78.1 ± 2.9 mb is measured. 
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Charged Particle Density

Phys. Lett. B 751 (2015) 143-165
 23

  14/47Soft and Hard QCD Processes in CMS, WE-QCD2017                                                                                                                                                                  D. Sunar Cerci

Charged hadrons Charged hadrons  @ 13 TeV @ 13 TeV

 First LHC paper at 13 TeV
 Datasets:

data taken June 7, 2015
number of collisions per bunch crossing: ~0.05
CMS tracker and pixel detectors ON
CMS magnet off, B=0 (straight tracks) 

Phys.Lett. B751 (2015) 143-163

 Pseudorapidity density distributions of charged
hadrons in the region |η| < 2 for inelastic pp
collisions
 Charged hadron multiplicity at midrapidity: 

5.49 ± 0.01 (stat.) ± 0.17 (syst.)

 Center-of-mass energy dependence
 P Y T H I A 8 and E P O S globally reproduce
collision-energy dependence of hadron production in
inelastic pp collisions. However, 

– EPOS is better than PYTHIA8

Datasets:  

- data taken June 7, 2015 - 

- number of collisions per bunch crossing: ~0.05  

- CMS tracker and pixel detectors ON 
CMS magnet off, B=0 (straight tracks) 

Particle multiplicity at different c.m. energies: 
Important input to MC generator tuning!  
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The underlying event

Measurement of the underlying event activity in pp 
collisions at 13 TeV, using inclusive Z boson 
production events (CMS).

arXiv:1711.04299
Submitted to J. High Energy Phys. (Nov 2017)

Measurement of the underlying event activity in pp 
collisions at 13 TeV associated to the leading charged 
particle (ATLAS).

JHEP03(2017)157

Toward

Away

TransMAX

TransMIN

60º

120º

300º

240º

Δ!
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The strong coupling constant: αS(Q)

Least precisely known of all 
couplings

Impacts ”all” LHC cross-sections.

Key for precise SM studies. 

BSM physics (e.g. new coloured 
sectors). 

Uncertainties: ±4% σ(ggH), ±7% 

H→cc, ±4% H→gg

JHEP 03 (2017) 153

  33/47Soft and Hard QCD Processes in CMS, WE-QCD2017                                                                                                                                                                  D. Sunar Cerci

The strong coupling constant The strong coupling constant αα
ss

Diifferent approaches

 Inclusive jets: least square minimization on p
T
(y) spectrum using NLO parton level predictions.

 Multijet: 3-jet to 2-jet cross section ratio R
32

, insensitive to many theor. and exp. systematics.

 Triple differential cross section together with PDF ft.

JHEP 03 (2017) 156

α
S

PDG = 0.1181 ± 0.0011 

JHEP 03 (2017) 156

CMS PAS-SMP-16-008

CMS PAS-SMP-16-011
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Triple differential jet cross-section and PDFs

EPJC 77 (2017) 746  37/47Soft and Hard QCD Processes in CMS, WE-QCD2017                                                                                                                                                                  D. Sunar Cerci

Triple-differential dijet cross sectionTriple-differential dijet cross section  

 Cross sections measured as a function of: <p
T
>, half the rapidity separation: y*=1/2|y

1
y

2
| and boost of the two leading jets

y
b
=1/2|y

1
+y

2
|

 Apart from the boosted region, the data are well described by the predictions at NLO accuracy over many orders of
magnitude.

 

arXiv:1705.02628
Submitted to EPJ C

Triple differential dijet cross section 
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Measurement of the weak mixing angle with the forward-
backward asymmetry of Drell-Yan events at 8 TeV 

CMS PAS SMP-16-007 

Measurement of the effective weak mixing angle using the forward-backward asymmetry of Drell-Yan (ee and 
µµ) events in pp collisions at √s = 8 TeV at CMS.

With new analysis techniques and a larger dataset, the 
statistical and systematic uncertainties are significantly 
reduced compared to our previous measurement.

The extracted value of the effective 
weak mixing angle from the combined 
ee and µµ data samples is:
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The weak mixing angle with the forward-backward 
asymmetry of Drell-Yan events: Future measurement!

• What can we expect at the high-luminosity LHC  
• Negligible statistical uncertainties  
• PDF uncertainties further constrained with profiling 
• Extended lepton acceptance with the upgraded CMS detector

Future

1103/12/17

• Smaller AFB at 14 TeV 
(less valence quark 
contribution)  

• Larger lepton |η| acceptance

LEP+SLD

CMS-PAS-FTR-17-001 
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Gauge boson couplings 

• Shift from precision observables to first measurements 

• Probe the non-Abelian gauge structure of the EW interactions  

• Vector boson scattering processes 

‣ What mechanism ensures the unitarity is respected?  

‣ Is the 125 GeV Higgs boson the only solution? 

‣ Characterized by VV and 2 jet final state 

• Shift from precision observables to first measurements 
• Probe the non-Abelian gauge structure of the EW interactions 
• Vector boson scattering processes 

• What mechanism ensures the unitarity is respected 
• Is the 125 GeV Higgs boson the only solution 
• Characterized by VV and 2 jet final state

Gauge boson couplings

1203/12/17
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Observation of electroweak production of same-sign W boson pairs 

Observed (expected) significance is 5.5 (5.7) standard deviations  

Observed signal is consistent with SM predictions 

Evidence by ATLAS and CMS in Run 1 

2 jet and 2 same-sign lepton final state 

The first observation of electroweak production of same-sign 
W boson pairs in proton-proton collisions 

pp collisions at 13TeV: the data sample corresponds to an 
integrated luminosity of 35.9 fb−1 
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Electroweak Z + 2-jet production
• Pure EW production of dileptons in association with two jets  
• Measured cross section is in agreement with the leading 
order SM predictions  

pp collisions at 13TeV: the data 
sample corresponds to an integrated 
luminosity of 35.9 fb−1 

CMS PAS SMP-16-018 (Submitted to Eur. Phys. J. C) 

d u

W�

W+

Z
µ+

µ�

u d

8.2 Study of the charged hadronic activity 15

8.2 Study of the charged hadronic activity

For this study, a collection is formed of high-purity tracks [52] with pT > 0.3 GeV, uniquely
associated with the main PV in the event. Tracks associated with the two leptons or with the
tagging jets are excluded from the selection. The association between the selected tracks and
the reconstructed PVs is carried out by minimising the longitudinal impact parameter which
is defined as the z-distance between the PV and the point of closest approach of the track helix
to the PV, labeled dPV

z . The association is required to satisfy the conditions dPV
z < 2 mm and

dPV
z < 3ddPV

z , where ddPV
z is the uncertainty on dPV

z .

A collection of “soft track-jets” is defined by clustering the selected tracks using the anti-kT
clustering algorithm [46] with a distance parameter of R = 0.4. The use of track jets represents
a clean and well-understood method [53] to reconstruct jets with energy as low as a few GeV.
These jets are not affected by pileup, because of the association of their tracks with the hard-
scattering vertex [54].

To study the central hadronic activity between the tagging jets, only track jets of low pT, and
within h

tag jet
min < h < h

tag jet
max are considered. For each event, the scalar sum of the pT of soft-

track jets with pT > 1 GeV is computed, and defined as the soft HT variable. Figure 9 shows
the distribution of the soft HT in the BDT> 0.92 signal enriched region, for the dielectron and
dimuon channels compared to predictions with PYTHIA and HERWIG PS models.

Overall, good agreement is observed between data and the simulation.

8.3 Study of gap activity vetoes

The efficiency of a gap activity veto corresponds to the fraction of events with a measured gap
activity below a given threshold. This efficiency can be studied as a function of the applied
threshold, and for different gap activity observables.

Figure 10 shows the selection efficiency of combined dielecton and dimuon events in the signal
enriched region with BDT> 0.92 for the application of a gap activity veto above the pT of the
additional third jet, or the total HT of all additional jets. Data points disfavour the background
only predictions and are in reasonable agreement with the presence of the signal with both PS
predictions.

Figure 11 shows the selection efficiency of combined dielecton and dimuon events in the signal
enriched region with BDT> 0.92 for the application of a gap activity veto above the pT of the
leading soft jet, or the total soft HT. Data points disfavour the background only predictions and
are in reasonable agreement with the presence of the signal with both PS predictions. Among
the two considered signal models, the data seem to prefer the signal model with HERWIG parton
showering at low gap activity values, while the PYTHIA parton shower predictions seems to be
preferred by the data in the case of larger gap activities.

9 Summary
The cross section for the electroweak production of a Z boson in association with two jets in the
``jj final state, in proton-proton collisions at

p
s = 13 TeV has been measured to be

s(EW ``jj) = 552 ± 19 (stat) ± 55 (syst) fb,

in agreement with the SM prediction. This is the first measurement of the EW Zjj cross section
in proton-proton collisions at

p
s = 13 TeV

Best limits of anomalous triple gauge couplings!
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Every (top) precision measurement is a search
 The measurement of top properties is a test of 
the SM 

The top mass is a fundamental property

Essential for probing the SM 
consistency via precision electroweak 
fits  

Plays a role on the stability of the 
electroweak vacuum of the Universe

 10

 

You are here
(current world average)

arXiv:1803.01853

arXiv:1707.08124

Top quark measurements

Every (top) precision measurement is a search 

Rebeca Gonzalez Suarez (UNL) IMFP 2018

Top is EVERYWHERE
But no matter if you like it or not: It is unavoidable  at the LHC 

Produced at a very high rate, mainly via strong interaction in ttbar pairs 

and at a lower rate via EWK interaction: single top quark production

Three main modes: t-channel, tW associated production, and s-channel 

Then there are many other modes of production:  

(t)t+X (X= W, Z, γ, H, bb, tt, … )  

Top is background of virtually everything at the LHC → we need to know it well!

 13
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Rebeca Gonzalez Suarez (UNL) IMFP 2018

And there are many searches with top

 11

The top quark is a main ingredient of many new physics scenarios
Exotic partners, rare decays, heavy new particles decaying to top, new particles 
produced together with top…
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Rebeca Gonzalez Suarez (UNL) IMFP 2018

Inclusive tt cross sections: the oddballs
In November 2015, the LHC delivered pp collisions at 5.02 TeV

Reference run for Heavy Ions collisions at that energy 

Measuring the inclusive tt cross section provides a reference for future measurements tt in 
nuclear collisions at that nucleon-nucleon collision energy  

without the need to extrapolate from measurements at different √s

 28

Surprise √s: 5TeV 
1711.03143  
Δσ/σ≈12% 

Also useful to constrain PDFs

Top quark measurements
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PRL 119 (2017) 242001 Rebeca Gonzalez Suarez (UNL) IMFP 2018

Inclusive tt cross sections: the oddballs
Later, we did measure tt production in actual Heavy Ions collisions  

proton-nucleus collisions, pPb data  

center of mass energy of 8.16TeV 

First observation of the tt process using proton-nucleus collisions with > 5σ significance

 29

Surprise collision type: pPb 
1709.07411  
Δσ/σ≈18% 

Paves the way for future measurements in 
Heavy Ions

Top quark measurements
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)-1 8.8 fb≤Tevatron combined 1.96 TeV (L 
)-1CMS dilepton,l+jets* 5.02 TeV (L = 27.4 pb

)-1 7 TeV (L = 5 fbµCMS e
)-1CMS l+jets 7 TeV (L = 2.3 fb

)-1CMS all-jets 7 TeV (L = 3.54 fb
)-1 8 TeV (L = 19.7 fbµCMS e

)-1CMS l+jets 8 TeV (L = 19.6 fb
)-1CMS all-jets 8 TeV (L = 18.4 fb

, 50 ns)-1 13 TeV (L = 43 pbµCMS e
)-1 13 TeV (L = 2.2 fbµCMS e

, 50 ns)-1CMS l+jets* 13 TeV (L = 42 pb
)-1CMS l+jets 13 TeV (L = 2.2 fb

)-1CMS all-jets* 13 TeV (L = 2.53 fb

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
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Z
(Msα 0.001 [*±) = 0.118 

Z
(Msα = 172.5 GeV, topNNPDF3.0, m

 [TeV]s13
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NNPDF3.0 MMHT14

CT14 ABM12*
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 2.91 GeV± 1.50 ±173.50 b hadron lifetime
TOP-12-030 (2013)

 GeV-2.10 +1.70 0.90 ±173.90 Kinematic endpoints
EPJC 73 (2013) 2494

 2.66 GeV± 1.17 ±172.29 b-jet energy peak
TOP-15-002 (2015)

 0.90 GeV± 3.00 ±173.50 ΨLepton+J/
JHEP 12 (2016) 123

 GeV-0.97 +1.58 0.20 ±173.68 Lepton+SecVtx
PRD 93 (2016) 092006

 GeV-3.09 +2.68 1.10 ±171.70 Dilepton kinematics
TOP-16-002 (2016)

 GeV-0.93 +0.97 0.77 ±172.60 Single top enriched
EPJC 77 (2017) 354

 GeV-3.49 +4.38 1.10 ±169.90 +j shape, 8 TeVtCMS t
TOP-13-006 (2016)

 GeV-1.80 +1.70173.80 ) 7+8 TeVt(tσ
JHEP 08 (2016) 029
NNPDF3.0

 0.47 GeV± 0.13 ±172.44 CMS 7+8 TeV (2015)
PRD 93 072004 (2016)

 0.71 GeV± 0.27 ±173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

March 2018

 syst.)± stat. ±(value 

CMS Preliminary

Top quark measurements: summary
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News on the Higgs sector
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The Higgs boson: an introduction (I)

C. Asawatangtrakuldee : Highlights from Higgs Physics at CMS21 March 2018

Introduction

2

symmetry breaking

The Standard model (SM) of particle physics 
explains a wide variety of microscopic phenomena   
in a unified framework (Quantum Field Theory)

๏ matters consist of quarks and leptons

๏ interaction between particles governed by     
gauge bosons

The Higgs mechanism is responsible for assigning 
mass to particles

๏ Higgs boson is an evidence of the Higgs field

A main goal of the LHC is the in-depth 
investigation of electroweak symmetry breaking

A SM-like Higgs boson = H(125) was discovered 
by ATLAS and CMS experiments of the LHC in 2012
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The Higgs boson: an introduction (II)

C. Asawatangtrakuldee : Highlights from Higgs Physics at CMS21 March 2018
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Introduction
6 years after the discovery,  the story continues

๏ precise measurements of properties

‣ mass, couplings/cross-section

๏ discover other Higgs decay channels                                                      
and production modes

‣ H→!!, H→bb,  ttH production

๏ rare processes : H→μμ, H→invisible

๏ search for Higgs bosons beyond the SM

This talk will focus on the latest results available                                                        
with the full 2016 data (L ~ 36 fb-1)

๏ properties of H(125)

๏ BSM Higgs searches

3

PRD 89 (2014) 092007
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Higgs Production at LHC

5

Run2

g

g

H

q

q

q

q

H

q

q

W,Z

H

g

g

t, b

t, b

H

q

q

b

H

t

gluon fusion (ggH) 
48.3 pb

W/Z fusion (VBF) 
3.77 pb

WH 1.36 pb 
ZH 0.88 pb

ttH 
0.50 pb

tHq 
0.074 pb

Run1

LHC: Higgs production
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C. Asawatangtrakuldee : Highlights from Higgs Physics at CMS21 March 2018

Higgs Decay
Most of the H(125) decays accessible at the LHC

6
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Bosonic decay : ZZ (3%), !! (0.2%) as 
the discovery channels with clean 
final states, including WW (22%) for 
precise measurements

5 main production processes x 6 decay modes
 =30 exclusive final states contributed to H(125)

Fermionic decay : bb (58%) dominant 
channel, "" (6%) and μμ (0.02%) as 
rare decay not discovered yet in 
Run1 → Highlights of Run2! 
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H→ZZ & H→!!
Measurement of mass of H(125) decaying to 4 leptons and diphoton channels

๏ sensitivity enhanced by event categorizations

7

JHEP 11 (2017) 047
CMS PAS HIG-16-040
CMS PAS HIG-17-015
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H→ZZ and H→γγ 
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Second largest branching ratio (~6.3%) among fermionic decay channel

๏ lower background compare to bb 

4 most sensitive channels (e!, e"h, !"h, "h"h) x 3 event categories (0-,1-,2-jets)

๏ targeting ggH and VBF processes

Clear excess at mH=125 GeV

First observation of H→"" from single experiment

H→""

8

PLB 779 (2018) 283

Signal strength μ (the ratio of 
the measured Higgs boson 
rate to its SM prediction) is 
compatible with SM

μ = 0.98 ± 0.18 (Run1+Run2)

 (GeV)ττm

0-
40

40
-6

0
60

-7
0

70
-8

0
80

-9
0

90
-1

00
10

0-
11

0
11

0-
12

0
12

0-
13

0
13

0-
15

0
15

0-
20

0
20

0-
25

0
0-

40
40

-6
0

60
-7

0
70

-8
0

80
-9

0
90

-1
00

10
0-

11
0

11
0-

12
0

12
0-

13
0

13
0-

15
0

15
0-

20
0

20
0-

25
0

0-
40

40
-6

0
60

-7
0

70
-8

0
80

-9
0

90
-1

00
10

0-
11

0
11

0-
12

0
12

0-
13

0
13

0-
15

0
15

0-
20

0
20

0-
25

0
0-

40
40

-6
0

60
-7

0
70

-8
0

80
-9

0
90

-1
00

10
0-

11
0

11
0-

12
0

12
0-

13
0

13
0-

15
0

15
0-

20
0

20
0-

25
0Bk

g.
 u

nc
.

(O
bs

. -
 b

kg
.)

0
5

Ev
en

ts
/b

in

1−10

1

10

210
 < 300 GeVjj0 < m  < 500 GeVjj300 < m  < 800 GeVjj500 < m  > 800 GeVjjm

 (13 TeV)-135.9 fbCMS , VBFhτhτ

Observed

 = 1.09)µ (ττ→H

ττ→Z

/eeµµ→Z

+jetstt

W+jets

QCD multijet

Others

Total unc.

 = 1.09)µ (ττ→H

Bkg. unc.
Obs. - bkg.

Bkg. unc.
ττ→H

Bkg. unc.

4.9σ (4.7σ expected)  
5.9σ combined with CMS Run1

H→ττ	



A. Moraes Tsukuba, 10th April 2018  44
C. Asawatangtrakuldee : Highlights from Higgs Physics at CMS21 March 2018

Dominant decay mode (~58%) in SM, but not yet discovered due to large background

๏ recoiling against W/Z boson is advantageous 

3 channels (0-, 1-, 2- leptons) from W/Z→!!,!",""
Multivariate regression to improve mass resolution

Signal extraction using multivariate analysis technique

VH H→bb

9

arXiv:1709.07497

Data used Significance Significance Signal strength
expected observed observed

Run 1 2.5 2.1 0.89+0.44
�0.42

Run 2 2.8 3.3 1.19+0.40
�0.38

Combined 3.8 3.8 1.06+0.31
�0.29

µBest fit 
1− 0 1 2 3

 0.6± = 1.8 µ

  2 lept.
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1 lept.
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  0 lept.

 0.7± =  1.7 µ
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 0.5± =  0.9 µ

  ZH(bb)

 (13 TeV)-135.9 fb

 0.4 ± = 1.2 µ Combined

CMS
 b b→ VH; H →pp 
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RMS/peak = 13.2%

RMS/peak = 15.6%

 = 125 GeVHM

CMSSimulation (13 TeV)

Evidence of H→bb which can lead to the discovery!

VH H→bb 
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ttH H→bb (leptonic)
Direct probe of the top-Higgs Yukawa couplings

๏ cross section increased by a factor of 3.9 in Run2

๏ gain from largest BR(H→bb)

At least one lepton from top decay → higher purity

Complex final states require more sophisticated methods

๏ 3 different multivariate analysis techniques

Limited by tt+HF and b-tagging uncertainties

11

CMS PAS HIG-17-026
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significance 1.6σ (2.2σ expected) 

huge improvement in sensitivity than Run1
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ttH H→bb (leptonic)
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ttH H→bb (hadronic)

12
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Best-fit μ = 0.9 ± 1.5,  

upper observed limit μ < 3.8 at 95% CL 

Hadronic top decay → higher rate (46%) but more challenging

๏ ≥7 jets in an event requires dedicated all-jet triggers

๏ fully reconstructed final state to the Higgs candidate 

Enhanced quark-jet final states by quark-gluon jet discriminant

๏ reduce QCD multijet background

Two levels of multivariate methods to separate                            
signal and background

Provided supplementary sensitivity to the                                 
overall search for ttH production

ttH H→bb (hadronic)
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ttH Summary
A variety of final states, studied with different experimental techniques:

๏ tt + b-jets: large branching ratio, but complex multijet final state

๏ tt + leptons (H→WW, ZZ, !!): lower rate, low SM backgrounds

๏ tt + "", 4#: small branching ratio, but very clean final state

The ttH combination is not yet available but all above channels enter the combination 
of couplings measurement (slide 15-16)

13

CMS PAS HIG-16-040
CMS PAS HIG-17-018
CMS PAS HIG-17-022
CMS PAS HIG-17-026

decay mode best fit μ significance

H→"" 2.2 (+0.9/-0.8) 3.3σ (1.6σ exp.) 

H→WW, ZZ, !! 1.23 (+0.45/-0.43) 3.2σ (2.8σ exp.) 

H→bb, 0# 0.9 (+1.5/-1.5) 0.6σ (0.7σ exp.) 

H→bb, 1# + 2# 0.72 (+0.45/-0.45) 1.6σ (2.2σ exp.) 

ttH Summary
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Rare H→μμ
Probe of H(125) couplings to 2nd generation of leptons

๏ very low BR (~0.02%)

๏ beneficial from excellent dimuon mass resolution

No significant excess is observed

๏ 95% CL upper limit on the signal strength

14
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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

^

Rare H→µµ
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In !-framework, ! represents the deviations from SM predictions of the Higgs boson 
couplings to SM bosons and fermions

By allowing BR(H→BSM) to vary in the fit, indirect constraints on Higgs couplings to 
invisible and undetected particles can be obtained

H(125) still looks SM-like up to now 

BRinv< 0.22 @ 95% CL 
BRundet.< 0.29 @ 95% CL

Couplings of H(125)
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Physics Beyond the 
Standard Model (BSM)?
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SUSY: where are we?
INTO THE LHC

� This is just meant to give a 
hint of why we’ve done 
what we’ve done.

� Clearly if you want to look 
for the highest cross 
sections you start with 
gluinos and squarks.

� Where we are now, we’re 
starting to eat into the 
space of the weak-inos.

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections 
SEARCHES FOR SUSY AT CMS                                        ANDREW ASKEW 52/22/2018
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SUSY: where are we?
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included



A. Moraes Tsukuba, 10th April 2018  53

SUSY: where are we?

Having found no SUSY so far in "standard" channels (strong production, large 
mass splittings), the searches shifted in the following directions  

• Search for SUSY in compressed spectrum scenarios (e.g, stop nearly 
degenerate with top quark + neutralino masses)  
Use ISR as an important tool to boost compressed system  

• Search for EW production of SUSY particles  
First sensitivity for Higgsino pair production in Run 1; now rapidly increasing 
the reach  

• Search for SUSY via Higgs boson in decay chain 
Just started to be sensitive  

• VBF SUSY production 
Not yet sensitive - but a powerful tool for the future 
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• These new paradigms require new tools:  

๏ Soft-lepton triggers  
๏ Jet substructure techniques 
๏ Ever increasing use of ISR as a tag  
๏ Charm tagging  
๏ Use of "designer" kinematic variables  
๏ Optimal top quark reconstruction  

•  These tools are common between SUSY and many other 
searches, leading to significant cross- pollination spreading 
across the search fields and also now being used in precision 
measurements   

  

SUSY: where are we?
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Other scenarios (non-SUSY)

Motivations

Search strategies

Many handles to search for evidence
of new phenomena

Multi-lepton final states
Lepton flavour violation
Exploit Higgs
Di-jet events

Physics models

Heavy resonances
Quantum black holes
Extra dimensions
Non-resonant effects
Excited quarks
...

Highlighted analyses

Try to highlight a subset of the many analyses being pursued at CMS
Focus on some of the more recent results

2.a/20
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Other scenarios (non-SUSY)
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LHC: the biggest, most complex scientific endeavour 
currently in activity. We’re only on the 8th year of a program that 

will be active for (at least…) another 2 decades.

From common/abundant SM processes to rare events 
which “may” challenge our theory, LHC detectors are 
testing the SM predictions as never before!

LHC upgrade: will bring new challenges and opportunities 
possible to achieve higher centre-of-mass energy (new type of 
hay), increased luminosity (bigger pile of hay).

Data from the LHC provides a unique and rich environment 
to perform precision studies as well as searches for BSM 
signals.
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Extras...
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C. Asawatangtrakuldee : Highlights from Higgs Physics at CMS21 March 2018

Cover a wide range of H(125) measurements using the full 2016 data

๏ combined analysis sensitive to 22 out of 25 possible production x decay channels

Signal strengths for the production and decay are compatible with SM expectations

Parameter value
0 0.5 1 1.5 2 2.5

bbµ

ττµ

WWµ

ZZµ

γγµ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

H(125) Combination

15

CMS PAS HIG-17-031

~33% more precise 
than Run1 ATLAS+CMS comb.

~50% reduced uncertainty 
than Run1 ATLAS+CMS comb.

improves up to 20% 
for VBF and VH

~30% more precise than  
Run1 ATLAS+CMS comb.

already reach the same level  
as Run1 ATLAS+CMS comb.

H(125) Combination
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Maximal excluded mass [GeV]
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-113TeV, 2.3fb
EXO-16-01390%CL

-113TeV, 2.3fb
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-113TeV, 2.3fb
EXO-16-01495%CL
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CMS Preliminary Dark Matter Summary* - June 2016

*Observed limits
Theory uncertainties not included
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 = 300σ/σ
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The Large Hadron Collider

QCD measurements at the LHC: 
- test predictions of QCD phenomena at high(est) energies with large 

statistical samples of rare processes;
- detector allow measurements with unprecedented precision and fiducial 

coverage (wide x-coverage; unprecedented high-Q2 interactions)

!61
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  7/17Very Forward Jets in CMS with CASTOR, Forward Physics and Diffraction 2018                                                                                                                        D. Sunar Cerci

Forward Detectors at CMSForward Detectors at CMS

 140 m  140 m

TOTEM T2
(in front of  
 CASTOR position)

TOTEM RPs
(147,220m)

TOTEM RPs
(147,220m)

•Tungsten-Quartz-Cherenkov

sampling calorimeter

• Octagonal cylindrical shape 

• Segmented in 16 sectors in φ and

14 modules in z  

• Separated electromagnetic and

hadronic sections 

• Located at 14.4 m from IP in CMS

CASTOR
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Constraints on the double parton scattering cross section 
from same-sign W boson pair production

Schematic diagram corresponding to the 
production of a same-sign W boson pair 
via the DPS process.

A first search for same-sign W boson pair production via double-parton scattering (DPS) in pp 
collisions at a center-of-mass energy of 8 TeV has been presented.  

The analyzed data were collected by the CMS detector at the LHC during 2012 and 
correspond to an integrated luminosity of 19.7 fb−1. 

The results presented here are based on the analysis of events containing two same-sign W 
bosons decaying into either same-sign muon-muon or electron-muon pairs.  

Several kinematic observables have been studied to identify those that can better 
discriminate between DPS and the single-parton scattering (SPS) backgrounds. 

JHEP 02 (2018) 032

!63
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Constraints on the double parton scattering cross section 
from same-sign W boson pair production

Schematic diagram corresponding to the 
production of a same-sign W boson pair 
via the DPS process.

No excess over the expected contributions from SPS processes is observed.  

A 95% confidence level (CL) upper limit of 0.32 pb is placed on the inclusive cross section for same-sign WW 
production via DPS.  

A corresponding 95% CL lower limit of 12.2 mb on the effective double-parton cross section is also 
derived, compatible with previous measurements as well as with Monte Carlo event generator expectations.

JHEP 02 (2018) 032

!64
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Two-particle angular correlations: the 
“ridge” effect

Probing(novel(long,range(correla/on(phenomena(
in(pPb(collisions(with(iden/fied(par/cles(at(CMS(

Zhenyu'Chen'(Rice'University)'
for'the'CMS'Collabora:on'

'
Hot'Quarks'Workshop'2014'
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Comparison with different systems

Ridge	yield	starts	to	increase	linearly	for	the	three	systems	from	Ntrk	~	40	
(approximately)

Strong	system-size	dependence	of	the	Associated	Yield	slope	increase
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