
Roberto Salerno  
LLR - INP23/CNRS  

Physics Goals and 
perspectives for CMS 

for Run II and III



Roberto Salerno (LLR) - Journées prospectives du LLR - Paris  - 21/10/2015

LHC and HL-LHC plans
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The CMS detector

3



Roberto Salerno (LLR) - Journées prospectives du LLR - Paris  - 21/10/2015

The CMS detector

All silicon tracker 
(Pixels- Microstrips)

Lead tungstate E/M 
Calorimeter (ECAL)

3.8T Superconducting 
Solenoid

Redundant Muon System 
(RPCs, Drift Tubes, CCS)

Hermetic (|η|<5.2)  
Hadron Calorimeter (HCAL)

4

Total weight 1.4x

Overall length 28.7 m
Overall diameter 15 m
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… after upgrade at the end of Phase-I
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Completion of the muon 
coverage 1.25<|η|<1.8

Pixel detector upgrade:  
4 layers in the barrel, 3 
disks in the endcaps  

L1 trigger upgrade:  
algos approaching 
HLT sophistication 

  

DAQ upgrade,  
improved HLT 

16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

Current

Upgrade
4 barrel layers

3 barrel layers

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

           L1 tau algorithm upgrade      ——————————————        CMS Collaboration        ————————————

ROC curve
• Efficiency on 

gg → H → ! ! process 
versus background rejection 
power is shown 

• Signal efficiency is 
computed as the ratio 
Pass / Tot: 
‣ Pass: number of events with at 

least two L1 candidates above 
threshold that are matched to 
an offline tau 

‣ Tot: number of events with two 
offline tau leptons passing the 
requirements quoted in slide 7 
(acceptance selection plus 
generator level match) 

• For Run I markers refer to the 
scaled L1 Et threshold

27
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HCAL upgrade: 
photodetectors and 
electronics 1.4. Overview of the HB and HE Upgrades 7

Figure 1.5: Depth segmentation structure which becomes possible with the use of SiPM pho-
todetectors for the HB and HE calorimeters.

better management of the radiation damage which will occur in the high-h region of the HE
calorimeter, reducing the response of the individual tiles. These differential response changes
are mixed and lost as the light from all tiles are currently uniformly optically summed. By
reading out smaller groups of tiles with individual SiPMs as a function of depth (particularly
at high-h), the gain losses at high luminosity can be mitigated.

The longitudinal segmentation of the hadron calorimeter will provide shower profile infor-
mation that is used to verify that electromagnetic particles identified in the ECAL have little
energy in the HCAL. In particular, the segmentation suppresses the influence of pileup parti-
cles that contribute to the first layer of HCAL but not to deeper layers. Similarly, the deepest
segment of HCAL can be useful for efficient identification of prompt muons and rejection of
muons produced in the decay of hadrons in flight with isolation requirements that are robust
against pileup. The deepest segment is not affected by the pileup particles and the excellent
signal-to-noise of the SiPMs allows a tight selection on the energy deposit by the muon.

The location of the front-end electronics modules are indicated (”FEE”) in Fig. 1.4. The HPDs,
digitization electronics, and data link are contained in compact modules which plug into a
backplane and mechanical assembly that is firmly mounted on the detector. When the CMS
detector is open, these modules can be removed without disconnecting any other subdetec-
tor of CMS (e.g. ECAL or the silicon tracker). The upgrade replacement modules can thus
be installed with minimal interference with the rest of CMS provided they occupy the same
volume as the existing modules. The compact nature of the SiPM devices aids in meeting this
requirement, but it remains an important design constraint for the HB/HE upgrades.
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Number of submitted papers
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438 papers have been submitted of by the CMS collaboration from the 
beginning of LHC  

We have to discuss about perspectives …  
let’s see where we stand at the end of LHC Phase-I…

More than 5 years 

Observation of a new boson at a mass of  
125 GeV with the CMS experiment at the LHC  
    ~5000 citations

Combined results of searches for the standard 
model Higgs boson in pp collisions at √s=7 TeV 
    ~700 citations 

Observation and studies of jet quenching in 
PbPb collisions at nucleon-nucleon  
center-of-mass energy = 2.76 TeV 
   ~400 citations

Podium of the most cited papers 

1st

2nd

3th

Higgs

Higgs

Heavy ion
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Number of papers that will be submitted
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End of Phase-I Perspective



The (extended) scalar sector
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A rhetorical recap 
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4th July 2012: 
 Higgs-dependence day

The white paper

 (GeV)Hm
110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

-1210

-1010

-810

-610

-410

-210

1
σ1
σ2

σ3

σ4

σ5

σ6

σ7

Combined  obs.
Exp. for SM H

γγ →H 
 ZZ→H 
 WW→H 
ττ →H 

 bb→H 

Combined  obs.
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CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs

Discovery of a new boson

~5000 citations 
and counting

The 2013 Nobel prize

LLR was there!
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Higgs boson measured mass 

10

In the SM the Higgs sector is determined by a single parameter mh

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

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

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

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

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

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

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

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

Once mh is fixed the Higgs couplings are determined 

0.2% precision, stat. uncertainty dominates overall, 
syst. uncertainty has big energy scale contribution (can be improved) 

Among the most precise parameters of the EWK fit

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

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

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

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

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

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

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

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

RUN I Results
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Higgs boson measured signal strengths
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Properties of the Higgs boson are inferred correlating the event rates in all the channels

CERN-LHC Seminar 27/01/15 P. Musella - HIggs Mass and Couplings from CMS 30

Characterizing the Higgs boson

 Properties of the Higgs boson can be inferred
correlating the event rates measured in all the channels.

Ncat = μcat⋅∑p ,d [(ε⋅A )pd
ch ⋅ σ p

SM⋅BRd
SM⋅L ] + Bkgch

q(μ) = −ln [L(data∣μ ; θ̂μ)

L(data∣μ̂ ; θ̂) ]

Measured

Predicted

“Signal strength”

Statistical modelInference

Estimated

x

Measured Estimated Predicted 

Signal strength 

Signal strengths in different channels 
are consistent with 1 (SM).  Largest 
difference in tth: 2.3σ excess with 
respect to SM in both ATLAS/CMS

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggF
µ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±
σ 2±

RUN I Results
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Higgs boson measured couplings
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Couplings to weak bosons 
and to fermions are verified 
at 10-30% precision only! 
No sensitivity on Kμ!

Simplest parametrisation of Higgs-couplings deviations from SM values 
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RUN I Results
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Higgs boson measured couplings

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

Allowing for BSM particles in the loops:  
i.e. allow effective couplings for Kγ and Kg 

KV ≤ 1 (2HDM) ⇒ BRBSM can be constrained  
BRBSM = 0           ⇒ no decay in BSM particles

Some tensions (~ 2σ) seen from 
tth production and h → bb 
decays in both ATLAS and CMS.  
Tension at the level of 2.4σ is 
seen as well in BRbb/BRZZ. 

Simplest parametrisation of Higgs-couplings deviations from SM values 

(σ x BR)(ii→h→ff ) = σSM(ii→h) x BRSM (h→ff ) x
ki2kf2 
kH2

RUN I Results
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Higgs boson physics for Run II and Run III … and a bit ahead

14

Rediscover the Higgs boson at 13 TeV 

High precision Higgs boson coupling measurements 

Follow the few tensions observed with Run1 data (h→bb, tth, …) 

Observe the Higgs boson in more exclusive production/decay modes  

Look for additional Higgs-like particles or partners at high masses 
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LHC14 : the Higgs factory for rediscovery
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ratios of LHC parton luminosities:
14 TeV / 8 TeV and 33 TeV / 8 TeV  
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MSTW2008NLO

_                         σ14TeV/σ8TeV                σ14TeV [pb] 
gg→h           2.6(MX=Mh)               49.5 
qq→qqh       2.6(high MX)              4.2 
qq→Vh          2.1(MX=MV+Mh)       1.5/1   
gg→tth        4.7(MX=2Mt+Mh)      0.6

   ggF   VBF   Wh     Zh      tth     total  
  14M 1.3M 0.5M 0.3M 0.2M   17M 

Higgs boson candidates for 300 fb-1 at 14 TeV:

→ Access rare(r) Higgs boson production and decay modes  
             26K th candidates, 14K hh candidates  
               BRh→μμ = 0.021%  BRh→Zγ = 0.15% (BRh →Zγ→llγ = 0.01%)
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High precision coupling measurements
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Scenario 1 :  uncertainties as in Run1   
Scenario 2 :  theoretical uncertainties/2  

                  experiment systematic/sqrt(L)

Expected uncertainties on Higgs boson couplings

Generic size of Higgs boson coupling 
modifications from the SM values in 

classes of new physics models  
Not another EWSB states accessible at LHC

 3000/fb √s = 14 TeV  Scenario 2
  300/fb  √s = 14 TeV Scenario 2
  300/fb  √s = 14 TeV Scenario 1

.. and what about Kμ …

10 Energy Frontier

likely to be in this situation, in which the picture of the Higgs boson may be very di↵erent from that in the
SM but, since the other particles in the sector are heavy, it is di�cult to conclude this except by precision
measurement.

Typical sizes of Higgs boson coupling modifications are shown in Table 3-1. More details of these estimates
are given in [23].

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% < 1.5%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

Table 3-1. Generic size of Higgs coupling modifications from the Standard Model values in classes of new
physics models: mixing of the Higgs boson with a singlet boson, the two-Higgs doublet model, the Minimal
Supersymmetric Standard Model, models with a composite Higgs boson, and models with a heavy vectorlike
top quark partner. For these estimates, all new particles are taken to have M ⇠ 1 TeV and mixing angles
are constrained to satisfy precision electroweak fits.

Tests of the values of the Higgs couplings relative to the SM must take account of the theoretical uncertainty
in the comparison to the SM predictions. A potentially observable quantity is the partial decay width
�(h ! AĀ), related to A by

2
A = �(h ! AĀ)/(SM) . (3.10)

Currently, the SM predictions for the values of some Higgs partial widths have large uncertainties. The
uncertainty in the partial width �(h ! bb̄), which accounts for more than half of the SM Higgs total width,
is quoted as 6% [25]. A concerted program is required to bring the uncertainties in the SM predictions below
1%. This requires complete evaluation of the 2-loop electroweak corrections to the partial widths. It also
requires improvement of the uncertainty in the crucial input parameters ↵s, mb, and mc. Lattice gauge
theory promises to reduce the errors on all three quantities to the required levels [26]. Further methods for
improvement in our knowledge of ↵s are discussed in Section 3.6.

There are only a few cases in which the partial widths �(h ! AĀ) can be measured directly. More often,
the Higgs decay partial widths are measured from the rates of reactions that involve the Higgs boson in an
intermediate state. An example is the rate of �� production through gg fusion at the LHC. The rate of this
process is proportional to the Higgs boson production cross sections times the branching ratio of the Higgs
boson to ��,

�(gg ! h) ·BR(h ! ��) ⇠ �(h ! gg)�(h ! ��)

�T (h)
, (3.11)

where �T (h) is the total Higgs boson width. In terms of the A quantities, the measured rates are proportional
to

�(AĀ ! h)BR(h ! BB̄)/(SM) =
2
A

2
BP

C 2
CBRSM (h ! CC̄)

. (3.12)

The SM prediction for the total width of the Higgs boson is 4 MeV, a value too small to be measured directly
except at a muon collider where the Higgs boson can be produced as a resonance. At all other cases of hadron
and lepton colliders, the total width must be determined by a fit to the collection of measured rates. Such
fits entail some model-dependence to control the size of modes of Higgs decay that are not directly observed.

Community Planning Study: Snowmass 2013

arXiv:1401.6081
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17

Main channel to measure Yukawa coupling to 2nd generation fermions  
BRH →μμ = 0.021% :  ~100 events produced during RUN1 w.r.t. 3.4k events at LHC

6 fb-1  : reach RUN1 sensitivity (95%CL on σ/σSM= 5)

175 fb-1  :  excluded SM

450 fb-1  :  reach 3σ significance

1200 fb-1 : reach 5σ significance

300 fb-1  : 20% on Kμ 

3000fb-1 : 5% on Kμ

6 fb-1 175 fb-1

450 fb-1 1200 fb-1

The important  path to the future 
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h→J/ψγ to access the Hcc coupling

18

 Another test to measure Yukawa coupling to 2nd generation fermions

 Why not h→cc (BRH→cc~2.9%)?  
Sufficient statistics but huge QCD background and poor c-tagging performance  

h→J/ψγ: exploit interference between direct (hcc mediated) amplitude 
and indirect one to gain insight into hcc 

       BRTOT : 2.5×10-6 
    -30% from interference 

Giovanni Marchiori SM Higgs boson rare decays and production

• Hcc another test of the coupling to 2nd generation fermions

• In some models (2HDM..) Hcc alone can be enhanced up to few times wrt SM

• BR(H→cc)~2.9% - sufficient statistics if decent S/B, but huge QCD bkg and 

poor c-tagging performance

• ATLAS SUSY search with pair of c-quarks in final state:


•  B→J/ψγ: exploit interference between direct (Hcc mediated) amplitude and 
indirect one to gain insight into Hcc

16

H→J/ψγ: accessing the Hcc coupling?

direct indirect

BR(direct): 5*10-8

BR(indirect only): 3.3*10-6

BR(tot): 2.5*10-6

➡ -30% from interference 

with Hcc-mediated diagram

PRD 88, 053003 (2013)

ε(c-jet) 1/ε(b-jet) 1/ε(light-jet)
20% 8 200
95% 2.5 ~1
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• BR(H→cc)~2.9% - sufficient statistics if decent S/B, but huge QCD bkg and 

poor c-tagging performance

• ATLAS SUSY search with pair of c-quarks in final state:
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indirect one to gain insight into Hcc
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H→J/ψγ: accessing the Hcc coupling?

direct indirect

BR(direct): 5*10-8

BR(indirect only): 3.3*10-6

BR(tot): 2.5*10-6

➡ -30% from interference 

with Hcc-mediated diagram

PRD 88, 053003 (2013)

ε(c-jet) 1/ε(b-jet) 1/ε(light-jet)
20% 8 200
95% 2.5 ~1

BRdirect : 5×10-8 BRindirect : 3.3×10-6 

Direct Indirect

arXiv:1306.5770
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Higgs boson pair production

19
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
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p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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hh production could ultimately allow to test the shape of the scalar potential,  
i.e. the self-coupling at the origin of the spontaneous EWK symmetry breaking 

About 100 events expected  
during PhaseI (300 fb-1)  
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hh : which final states?

20

Branching ratios and production mechanisms are decoupled effects  
hh production has a phenomenologically rich set of final states 
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ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014

hh Decay
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Phenomenologically rich set of final states.  hh-Br

- John Alison - Higgs Coupling 2014

Larger Br-h
 decay

Rarer Br-h decay

 →SM branching ratios (for mh = 125 GeV) are used
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 B

R 

Rarer BR 

2×BRSM(h→xx)×BRSM(h→yy)
 

[BRSM(h→xx)]2
if xx ≠ yy

if xx = yy

Excellent τh reconstruction  
and τh/jet separation needed 
Multivariate approach 

Simple reconstruction …
but very low BR  
Large background rates 

Most promising channels

bbττ 

bbγγ 
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HH results
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Assuming ~same performance in Phase-I/Phase-II it could be better

Challenging analysis,  overwhelming tt background  
The most sensitive final states: τμτh and τhτh 

mT2 mass/BDT for signal extraction method 

Di-photon mass distribution for the estimated 
signal and background contributions.  
The data points show the result of a pseudo-
experiment. 

bbττ 

bbγγ Be aware: prospective results for the end of HL-LHC
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BSM Higgs bosons searches

22

The properties of Higgs boson at the current level of precision appear to 
almost in accord with the SM… but … 
       the detailed structure of the Higgs sector is still unclear  
        the SM cannot be a final theory of Nature  
 some tensions have been seen from tth production and h→bb decays  

Beyond the SM (2HDM, MSSM/nMSSM) might hold the answer

Exotic Higgs boson decays 
      Search for lepton flavour violating decays  
      Search for decays into undetectable particles 

Invisible Higgs boson decays 

Low mass Higgs boson  
     Search for pair production of new light bosons decaying into muons 

High mass Higgs boson  
      Search for pseudoscalar A boson decaying into a Z boson and h125 boson  
      Search for scalar boson decaying into a VV bosons 

d
ec

ay
ad

d
. s

ca
la

r
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Search for additional Higgs bosons

23

5σ discovery reach in direct searches at 
the LHC for a 300 GeV H decaying via 
H→ZZ→4l for the Type II 2HDM 

 
Regions allowed at 95%CL by precision 
Higgs coupling measurements

arXiv:1308.0052

Type II model  includes supersymmetry 

The coupling measurements are very 
constraining, the direct search probes 
significant additional parameter space

Potential to exclude or discover heavy (scalar/pseudo-scalar) neutral Higgs 
bosons in the context of 2HDM
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Exotic decays

24

Lepton Flavour Violating decays (h→μ𝛕) are not allowed in SM 
     exception can occur in case it is a theory valid only to a finite mass scale 
     LFV decays can occur in 2HDM, and others… 
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97% C.L. :

theoretical  
naturalness limit

With the Phase-I data  
BR < 0.1% will be probed   
 
The slight excess of signal 
events (2.5σ) observed with 
RUN1 data will be monitored



B-physics  
Dark Matter  

VBS  
SUSY
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The ratio of the branching fractions (R) of the two 
decay modes provides discrimination among 
BSM theories
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high order, helicity and CKM suppressed process sensitive to NP in the loop (e.g. X+=H+ X0 =h/H/A0)

SM diagrams BSM diagrams 

Flavour physics benefits from large cross-sections at the LHC  
Bd

0/Bs
0→μμ decays are FCNC highly suppressed: B(Bs0→µµ)SM = (3.66±0.23)×10−9 

  B(Bd0→µµ)SM = (1.06±0.09)×10−10

Expect observation of Bd0 ,  improvement of 
>2 on the precision on R with 300 fb-1 and we 

will continue to combine with LHCb

300fb-1
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The mystery of dark matter

27

Dark matter exists  
It is most likely a neutral, weakly-interacting, massive particle (WIMP)  
The energy scale of the interactions of dark matter must be close to 1 TeV

This could be a coincidence, but it might be a suggestion: 

“models for the Higgs potential also solve the dark matter problem”

For mDM < mh/2 

For every mDM value

X is a mediator here example of a spin-1 mediator

profiting of VBF and VH production modes

Higgs bosons invisible decays 

Mono-mania
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Dark matter : results 

28

10.4. Exotica searches and measurements 333

(see Fig. 10.31). Fig. 10.36 illustrates the situation for the monolepton channel in terms of 95%
C.L. exclusion limits using interpretations in the framework of a simplified model. The media-
tor is modeled as a Z0-like particle with either vector or axial-vector coupling, a fixed minimal
width of Gmed = Mmed/8p and the mass range shown in Fig. 10.36. The monojet channel, which
is often used for comparison (see ref [270] for projection) relies on an initial state radiation jet
for tagging the event, which, along with missing transverse energy due to the produced DM-
pair, leads to a final state of jet + Emiss

T . This channel is expected to profit from the improved jet
performance discussed in Chapter 9. Given its kinematics it cannot be sensitive to interference
but its sensitivity is comparable to the monolepton channel with constructive interference (x=-
1). The projected performance of the monojet channel is based on Run-I performance projected
to larger accumulated statistics [270]. The monolepton sensitivity in Fig. 10.36 is again based on
DELPHES simulation and illustrates the situation for the maximum sensitivity corresponding to
constructive interference (x=-1) and the narrow width indicated in the legend. The hadronic W
boson channel should reach even further but has not be studied in this framework.
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Figure 10.36: Dark matter reach of the monolepton channel as a function of the DM mass and
mediator mass for the two extreme cases of x = ±1.

10.4.3 Exotic signatures: highly ionizing particles and displaced vertices

A large number of new physics searches rely on very exotic signatures, such as anomalous
ionization depositions, slow moving particles, (dis)appearing tracks, and secondary vertices
significantly displaced with respect to the primary interaction vertex. Many of these signatures
become quite natural in new physics scenarios where some of the new massive particles be-
come stable or long-lived. Searching for them demands specific detector capabilities, special
triggers or adapted reconstruction algorithms, which implies that usually they are uncovered
by other searches using standard objects.

One example is the production of heavy stable charged particles, such as supersymmetric taus
(staus), moving with moderate velocities b <1 (in our example b=0.8). Such particles are likely

Single lepton channel  (W+DM)

        Region that is difficult to exclude with direct 
searches experiments (LUX, XENON, …), due 
to the ν background will be covered by LHC 
starting as soon as 300fb-1 will be collected
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Higgs bosons invisible decays

        RUN1 results are already better then the direct  
searches experiments (LUX, XENON, …)

Kinematical threshold  
mDM = mH/2 = 62.5 GeV  

LHC and CMS will be the most sensitive dark matter detection apparatuses
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Vector Boson Scattering

29

Assess VBS sensitivity using same-sign WW, WZ, ZZ    
EWK scattering cross-section  
non-unitarized scenarios simulated as the absence of Higgs  
anomalous couplings in the EFT approach  

pTW � pTjet,mW

2

Anatomy of WW scattering

slow emission of W’s hard scattering
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SUSY

30

Motivation for SUSY has never been stronger, discovery of the Higgs gives 
new urgency to find “natural” explanation for gauge hierarchy 

      The sensitivity to new physics increases significantly with an increase in 
the center-of-mass energy of the collisions

5.1 Gluino-Pair Production with Four Top Quarks in the Final State 19

and background yields, and the uncertainty on the background, are scaled by the ratio of the
luminosities (20 fb�1 for 8 TeV and 300 fb�1 for 14 TeV) and by the ratio of the cross sections for
signal and background (ssig and sbkg):

Rsig(bkg) =
300 fb�1

20 fb�1 ⇥ ssig(bkg)(14 TeV)

ssig(bkg)(8 TeV)
. (3)

For some analyses, a less conservative scenario, called “Scenario B,” is defined where the rela-
tive uncertainty on the background is reduced. These are similar to the Scenarios 1 and 2 used
in the Higgs projections discussed in Sec. 4, but not the same in detail and have different im-
plications for SUSY searches where higher mass regions will be progressively searched in the
future. The exact procedures differ slightly in projections for different SUSY models and are
described in detail in the following sections.

The following models, assuming 100% branching fractions, are considered: gluino-pair pro-
duction with each gluino decaying to the lightest SUSY particle (LSP) and either a tt or bb pair;
direct stop production with each stop decaying to a top quark and LSP; chargino-neutralino
production with final states containing W and Z bosons and missing transverse energy; and
direct sbottom production with decay to chargino and top quark. The cross sections for these
SUSY particle production processes, computed at the next-to-leading-order accuracy in as us-
ing Prospino2 [40–42], are shown in Fig. 16.
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5.1 Gluino-Pair Production with Four Top Quarks in the Final State

Naturalness predicts not only light third-generation masses, but also gluinos that are not much
heavier than a TeV. In this case they could decay to third-generation squarks. This section
focuses on gluino-pair production, where each gluino decays to a top and a stop quark that
then decays to a top quark and the LSP. This is described by a simplified model, where pair-
produced gluinos each decay to a tt pair and the LSP (see Fig. 17a). Due to the presence of
four W bosons in the final state, a search in the single lepton final state has a large branching
fraction (⇠ 40%) and good sensitivity. Hence, the sensitivity to this simplified model topol-
ogy is projected to 14 TeV based on the results obtained in the SUSY search in the single-lepton

The smallest cross section pp→𝛘±𝛘0  
ranges from 1pb to 1fb,  going from masses 
of 300 to 1100 GeV.  

Moving from 8 TeV to 13 TeV the production 
cross sections will increased more than a 
factor 10 

300 1100
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improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

SUSY simplified models 
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Sizeable improvement on the sensitivity for all the models  
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the projected 5s discovery reaches for this model. This analysis is sensitive to the discovery of
gluinos with masses up to 1.9 TeV for LSP masses of 1.2 TeV or below.
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Figure 18: The simplified model topology for gluino production, where the gluinos decay to
two bottom quarks and an LSP each (a), and the projected 5s discovery reaches for this model
(b).

For a center-of-mass energy of 14 TeV and an integrated luminosity of 300 fb�1, we expect more
than 100 background events in the highest sensitivity bin of the analysis . An actual analysis
would be designed in a way that the background is kept smaller, enhancing the sensitivity to a
possible signal. Therefore, the given limit can be considered as conservative.

5.3 Stop-Pair Production

One of the most pressing questions for the next run of the LHC is whether third-generation
squarks can be observed. Light stop quarks, with masses less than ⇠ 1 TeV, are required
to cancel the large radiative corrections to the Higgs mass from the top quark without large
fine-tuning. One possible production mechanism is the decay of (light) gluinos to stops and
sbottoms, if they are lighter than the gluinos and the gluinos are within the LHC reach with
13–14 TeV. These models are studied in the previous Secs. 5.1–5.2. Here, we study the model
where the stops are the lightest squarks and are directly produced in pairs. The extrapolation
is based on the result obtained from a search in final states with a muon or electron [36]. This
analysis has a discovery reach for stop masses of 300–500 GeV and a maximum neutralino mass
of 75 GeV for a center-of-mass energy of 8 TeV and an integrated luminosity of 20 fb�1.

The projections to higher energy and luminosity are based on the 8 TeV Monte Carlo simulated
samples produced with the MADGRAPH 5 [45] simulation program. For Scenario A, the signal
and background yields, as well as the uncertainty on the background, are scaled by the ratios
Rsig and Rbkg, respectively (Eq. (3)). The cross sections for direct stop production are enhanced
for 14 TeV by a factor of ⇠ 4–20 for stop masses of 200–1000 GeV. The main background consists
of tt events, which are scaled by the cross section ratio. The ratio of the cross sections for the
second highest background, W+jets, is smaller than tt, leading to a conservative background
estimation. The signal extrapolation is done in the same way for the less conservative Scenario
B, but the uncertainty on the background is reduced by 1/

p
Rbkg, as it is assumed that the

uncertainty is largely driven by the statistical precision from the control samples, which will
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the projected 5s discovery reaches for this model. This analysis is sensitive to the discovery of
gluinos with masses up to 1.9 TeV for LSP masses of 1.2 TeV or below.
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would be designed in a way that the background is kept smaller, enhancing the sensitivity to a
possible signal. Therefore, the given limit can be considered as conservative.

5.3 Stop-Pair Production

One of the most pressing questions for the next run of the LHC is whether third-generation
squarks can be observed. Light stop quarks, with masses less than ⇠ 1 TeV, are required
to cancel the large radiative corrections to the Higgs mass from the top quark without large
fine-tuning. One possible production mechanism is the decay of (light) gluinos to stops and
sbottoms, if they are lighter than the gluinos and the gluinos are within the LHC reach with
13–14 TeV. These models are studied in the previous Secs. 5.1–5.2. Here, we study the model
where the stops are the lightest squarks and are directly produced in pairs. The extrapolation
is based on the result obtained from a search in final states with a muon or electron [36]. This
analysis has a discovery reach for stop masses of 300–500 GeV and a maximum neutralino mass
of 75 GeV for a center-of-mass energy of 8 TeV and an integrated luminosity of 20 fb�1.

The projections to higher energy and luminosity are based on the 8 TeV Monte Carlo simulated
samples produced with the MADGRAPH 5 [45] simulation program. For Scenario A, the signal
and background yields, as well as the uncertainty on the background, are scaled by the ratios
Rsig and Rbkg, respectively (Eq. (3)). The cross sections for direct stop production are enhanced
for 14 TeV by a factor of ⇠ 4–20 for stop masses of 200–1000 GeV. The main background consists
of tt events, which are scaled by the cross section ratio. The ratio of the cross sections for the
second highest background, W+jets, is smaller than tt, leading to a conservative background
estimation. The signal extrapolation is done in the same way for the less conservative Scenario
B, but the uncertainty on the background is reduced by 1/

p
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improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

ImprovementsImprovements

Gluino-pair production Stop-pair production 

      Naturalness predicts light third-generation masses and also gluinos not 
much heavier than 1 TeV → it will be discovered or ruled out at LHC 
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Different types of SUSY models lead to different patterns of discoveries in different final 
states after different amounts of data.  

LHC has the unique opportunity to discover SUSY before the end of the Phase1 

HL-LHC measurements will then be crucial to illuminate LHC discovery, and thus answer 
fundamental questions about gauge hierarchy or dark matter.  

5.2 Evaluation of systematic uncertainties 7

Table 1: Overview over the analyses and their application to the different models.

Analysis Luminosity Model
( fb�1) NM1 NM2 NM3 STC STOC

all-hadronic (HT-Hmiss
T ) search 300

3000
all-hadronic (MT2) search 300

3000
all-hadronic eb1 search 300

3000
1-leptonet1 search 300

3000
monojetet1 search 300

3000
m`+`� kinematic edge 300

3000
multilepton + b-tag search 300

3000
multilepton search 300

3000
ewkino WH search 300

3000

< 3s 3 � 5s > 5s

with an efficiency of unity. The FastJet area method [31] is applied to correct measurements
of jets and energy in the calorimeters for the contribution from neutral pileup particles and
charged pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH 5 [14,
15], including up to four extra partons from initial and final state radiation, matched to PYTHIA 6.4
for fragmentation and hadronization. The background cross section is normalized to the next-
to-leading-order (NLO) cross section, which is based on the work in preparation for the Snow-
mass summer study 2013 and discussed in more detail in Refs. [32–34].

5.2 Evaluation of systematic uncertainties

All presented studies are based on 8 TeV analyses, where the systematic uncertainties have
been evaluated based on the various background estimation methods. We assume that the
backgrounds will be estimated in a similar way for the 14 TeV analyses in the future, while in
this paper we use the Monte-Carlo prediction only. Therefore, we use the systematic uncertain-
ties of the 8 TeV analyses as starting point, and scale them on a case-by-case basis depending
on their origin and predicted development of this origin:

• If the selection requirements of the 14 TeV analysis have been tightened such that the
background yield in the signal region is comparable to the one in the 8 TeV analysis,
we quote a typical uncertainty from the 8 TeV search. This is the case for both all-
hadronic analyses with HT-Hmiss

T and MT2 variables.

Ex
pl

or
in

g 
ex

pe
ri

m
en

ta
l s

ig
na

tu
re

 s
pa

ce
 

Exploring SUSY model space 

SUSY EWK  
searches



Roberto Salerno (LLR) - Journées prospectives du LLR - Paris  - 21/10/2015

Objectives for CMS-LLR group 
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Maintain the leadership in the critical analysis channels 
related to EWSB 

   h125 precision measurement 

   search of addition higgs bosons (2HDM)  
   Higgs boson self-coupling either to shape the Higgs boson     
   potential and study the ttH coupling 

   use h125 as a portal for the dark matter sector  

   study unitary at high mass (VBS)  
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Conclusions 
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The discovery of the h boson at 125 GeV opens up new avenus 
at the LHC 

The specific mass value at 125 GeV is a challenge for many 
SUSY theories of models with extended scalar sector needed 
to « stabilize » the Higgs boson mass 

Considerable progress is expected during Run II and III at the 
LHC (reaching 300 fb-1 of integrated luminosity) on: 

Higgs boson precision coupling measurements 
measure Higgs boson Yukawa coupling to 2nd generation fermions 
Higgs boson pair production 
BSM Higgs bosons searches 
Bd

0/BS
0 → μμ 

Dark matter  
SUSY 
VBS 
…
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Finally to sum up
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The physics goals and for CMS are discussed just the right day… 

… the day that Doc and Marty are coming for the past  

Considering that 7:28 in 
California are 16:28 in Paris 
they should be arrived just in 
time for this….


