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Looking for BSM physics

❖ Standard Model (SM): our current theory of matter and interaction


❖ Unfortunately, it cannot provide a complete 
description of the Universe: 
 → Higgs Mass is unprotected against quantum 
      corrections in the SM: 
 → Baryogenesis: 
 
 
 → Neutrino physics 
 → Dark Matter


❖ No hints of physics beyond the Standard Model: 
 → Still room for BSM decay of Higgs boson or additional Higgs (2HDM, 2HDM+S models) 
 → Or: are we looking in the right place?  
      → Null results may point us towards the true nature of the Universe 
           (Hidden sectors with only tiny interactions with the SM)
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What do we know about SM Higgs?

❖ Higgs-like particle has been observed: 
  → mH = 125.09 ± 0.21(stat) ± 0.11(syst) 
  → ΓH < 26 MeV (for fΛQ=0 at the 95% CL.) 
  → JPC = 0++ 
(https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG)


❖ No SUSY has been discovered so far, but: 
→ Still good to focus in naturalness  
→ General interest on sparticles with influence on quadratic 
     term in Higgs potential 
→ See if newly found resonance is part of an extended  
     Higgs sector is of primary importance!


❖ Still room for BSM decay of Higgs boson: 
 → BR (h→BSM) < 34% at 95% CL

Searching	for	dark	interac/ons	in	the	
decays	of	h125	

•  BR	(	h125	à	BSM)	<	34%	at	95%	CL	 2	

JHEP	08	(2016)	045	

https://arxiv.org/pdf/1606.02266.pdf

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://arxiv.org/pdf/1606.02266.pdf
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Extending the Higgs sector
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❖ Several ways to test BSB phenomena in the Higgs sectors

Search for deviation 
on the Higgs properties 
expected from the SM

Search on BSM phenomena

Spin 
Couplings 

CP

Additional H-like scalars BSM Higgs decay 
and couplings

New light resonances 
Flavor violating couplings 

Invisible decays 
Long-lived particles

Neutral/charged Higgs

They could decay to SM  

or h (e.g. H->hh)

This talk is NOT an extensive 
review of all CMS searches, but 

will focus on few examples 
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❖ BSM Higgs decays and couplings. Examples:

Verena M. Outschoorn, Search for non-standard Higgs states with 13 TeV data, Rencontres de MoriondVerena Martinez Outschoorn — March 19th, 2017

BSM Decays and Couplings

4

h a

a

X
X
Y
Y

Higgs Decays to new particles 

X and Y are SM particles

4b
4μ 

Flavor violating couplings
lepton decays

h
τ 

e,μ 

FV in quark sector also considered

h
e 

μ 

Invisible DecaysLong lived particles (LLP)

h
X

X

X gives ETmiss signature 

h LLP
ℓ+

ℓ- 
ℓ+ 
ℓ-

X

LLP

X

Many possible 
signatures that 
are sensitive to 
a broad range 

of lifetimes 2x2ℓ lepton jets  
Nx2ℓ (4x2ℓ…) also possible
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1 Introduction

The observation of a Higgs-like boson [1, 2] with a mass near 125 GeV/c2 in searches for the
standard model (SM) Higgs boson [3–5] at the Large Hadron Collider (LHC) raises the critical
question of whether the new particle is in fact the SM Higgs boson. The precision of the com-
parisons of the new particle’s production and decay properties with the final states predicted
by the SM will improve with additional data. However, distinguishing a true SM Higgs boson
from a non-SM Higgs bosons with couplings moderately different from the SM values will re-
main a challenge. Searches for non-SM Higgs boson production and decay modes are therefore
particularly timely as they provide a complementary path, which in many cases can allow a
discovery or rule out broad ranges of new physics scenarios with existing data.

We present an analysis that explores one of the non-SM decay modes of Higgs boson (h), which
includes production of two new light bosons (a), each of which subsequently decay to boosted
pairs of oppositely charged muons isolated from the rest of the event activity:

h ! 2a + X ! 4µ + X,

where X denotes possible additional particles from cascade decays of a Higgs boson.

The Higgs boson production cross section may or may not be enhanced compared to the SM,
depending on the specific parameters of the model. The search described in this paper is de-
signed to be independent of the details of specific models, and the results can be interpreted in
the context of other models predicting the production of the same final states. We also study
two specific scenarios: next-to-minimal supersymmetric standard model (NMSSM) and super-
symmentric models with additional “hidden” or “dark” sectors (Dark SUSY).

Figure 1: Left: Feynman diagram of the NMSSM benchmark process h1,2 ! 2a1 ! 4µ. Right:
Feynman diagram of the dark-SUSY benchmark process h ! 2n1 ! 2nD + 2gD ! 2nD + 4µ.
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The NMSSM [6–14] extends the minimal supersymmetric standard model (MSSM) [15–17] by
an additional gauge singlet field under new U(1)PQ symmetry in the Higgs sector of the su-
perpotential. Compared to the MSSM, the NMSSM naturally generates the mass parameter µ
in the Higgs superpotential at the electroweak scale [18] and significantly reduces the amount
of fine tuning required [19–21]. The Higgs sector of the NMSSM consists of 3 CP-even Higgs
bosons h1,2,3 and 2 CP-odd Higgs bosons a1,2. In the NMSSM, the CP-even Higgs bosons h1
and h2 can decay via h1,2 ! 2a1, where one of the h1 or h2 is a SM-like Higgs boson that could
correspond to the newly observed state at the LHC with a mass near 125 GeV/c2 [1, 2] and a1
is a new CP-odd light Higgs boson [22–26]. The Higgs boson production cross section may
differ substantially from that of the SM, depending on the parameters of a specific model. The
new light boson a1 couples weakly to SM particles, with the coupling to fermions proportional
to the fermion mass, and can have a substantial branching fraction B(a1 ! µ+µ�) if its mass

6

H→aa→μμμμ (NMSSM)

❖ Signal: 
→ Pair production of new light bosons, each 
decaying into a pair of muons


❖ Selection: 
 → PT1>17 GeV; |η1| <0.9; PT2,3,4 > 8 GeV 
 → |z1µµ − z2µµ| < 1 mm 


❖ Main background: 
→ bb̅, double J/Ψ (SPS and DPS)


❖ Excess searched on the diagonal: 
|m1µµ−m2µµ| < 0.13 GeV + 0.065(m1µµ + m2µµ)/2 
 → Model independent search, 
      benchmark model is NMSSM 
 → Assume SM-like production σ for h1,2 

        to simplify interpretation

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html
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H→aa→μμμμ (dark SUSY)
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The NMSSM [6–14] extends the minimal supersymmetric standard model (MSSM) [15–17] by
an additional gauge singlet field under new U(1)PQ symmetry in the Higgs sector of the su-
perpotential. Compared to the MSSM, the NMSSM naturally generates the mass parameter µ
in the Higgs superpotential at the electroweak scale [18] and significantly reduces the amount
of fine tuning required [19–21]. The Higgs sector of the NMSSM consists of 3 CP-even Higgs
bosons h1,2,3 and 2 CP-odd Higgs bosons a1,2. In the NMSSM, the CP-even Higgs bosons h1
and h2 can decay via h1,2 ! 2a1, where one of the h1 or h2 is a SM-like Higgs boson that could
correspond to the newly observed state at the LHC with a mass near 125 GeV/c2 [1, 2] and a1
is a new CP-odd light Higgs boson [22–26]. The Higgs boson production cross section may
differ substantially from that of the SM, depending on the parameters of a specific model. The
new light boson a1 couples weakly to SM particles, with the coupling to fermions proportional
to the fermion mass, and can have a substantial branching fraction B(a1 ! µ+µ�) if its mass

❖ Additional Benchmark: Dark SUSY 
h → n1n1 →nDnDγDγD+X 
 → Dark photons could have an appreciable 
      life-time before decay  
 → Dark photons are generated with m(γ) in the range 
      0.25–2.0 GeV and a decay length in the range of 0–20 mm


❖ 95% CL limit on H boson production σ⋅B.R. 
 → The limit set in the [m(γD),ε] plane. 
 → Implies model dependence when comparing to 
      low energy results  
 → Nice complementarity with ATLAS analysis 
      searching for decays far from the interaction point

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html
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H→aa→ττττ/μμbb/μμττ

❖ H→aa→ττττ (from ggH/Zh/Wh/VBF) 
  → m(a) ϵ[5-15]GeV due to Br(a→ττ) 
      → Special boosted ττ technique 
           (one τ have to decay into a μ) 
  → 2 search regions: low/high mT 
       to separate production modes 

          (mT between high-pT μ and Etmiss) 
  → Dedicated τμτx reconstruction


❖ H→aa→μμbb (from ggH) 
  → 2 muons with pT > 24 and 9 GeV 
      (isolated and opposite charge) 
  → 2 jets with pT >15 GeV 
      (b-tag: 65% eff. + 99% puruty) 
  → |m(μμbb)-125| < 25 GeV 
  → Signal shape is a weighted sum of  
       Voigt profile and Crystal Ball

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-015/index.html

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-015/index.html
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H→aa→ττττ/μμbb/μμττ

❖ H→aa→μμττ 
  → Five final states depending on τ decay: 
     μμτeτe, μμτeτμ, μμτeτh, μμτμτh, μμτhτh 

        (no μμτμτμ due to ambiguity) 
  → m(μμ) use to extract limits 
  → μμ selection: 
      → pT(μ)>5 and |η|<2.4 in μμτeτμ/μμτμτh 
      → pT(μ)>18-9 GeV in other channels 
  → In 3-muon final state the highest in pT is 
       paired with the opposite one in sign 
       (90% of the time is correct) 
  → Electron: pT(e)>7 GeV, |η|<2.5 
  → Hadrons: pT(h)>15 GeV, |η|<2.3 
  → If jet is b-tagged event is rejected 
  → 4 objects need to be separated  
  → |m(μμττ)-125|<25 
  → |m(μμ)-m(ττ)|/m(μμ)<0.8

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-015/index.html

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-015/index.html
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Lepton Flavor Violation
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-001/index.html

❖ 4 decay channels: H→μτe / μτh / eτμ / eτh

❖ 4 jets categories: (0/1/2/VFB)

❖ Use of collinear mass (Mcoll) 

  → Estimates m(H) mass assuming ν collinear to other decays product 

❖ Limits provided by fitting BDT discriminator (cross-check by also fitting Mcoll shape)

❖ Z→ττ main background (also W+jets, QCD)

H→eτ in backup

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-001/index.html
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Invisible Higgs

11

 https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-016/index.html

❖ Targeting production modes

❖ Results also interpreted in the context 

of Higgs-portal dark matter models

❖ Jets/lept recoiling against large Etmiss

❖ Several exclusive regions 

 → VBF, VH (Z→ll, Z→bb V→jj), monoJet 

❖ VFB: 
 → |Δη(jj)>3.6|, m(jj)>1200 GeV 
 → Etmiss>90 (200) GeV at 8 (13) TeV 
 → 8 TeV analysis has Etmiss significance cut 

❖ VH (dilepton): 
 → ZZ, WZ are main backgrounds 
 → Observable is mT of dilepton and Etmiss 

❖ VH (dijet) and monoJet: 
 → 2 categories depending on jet properties 
 → Z(νν)+jets, W(lν)+jets main backgrounds

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-016/index.html
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2

ture immediately leads us to two simple but important
conclusions. There can exist new hidden particles which
are uncharged under SM forces, and there can exist new
hidden forces under which SM matter is uncharged. As
a result, new physics could exist at a mass scale m

hidden

below the energy of current colliders, hidden from us only
by the absence of su�ciently large couplings to the SM.

Like the push for higher energy, the discovery of hidden
sectors with tiny couplings to visible particles has impor-
tant historical precedent. Neutrinos provide the first ex-
ample. They are almost massless, and nowadays under-
stood to be related to charged leptons (electrons, muons
and taus) via their common weak interaction. However,
because the weak gauge bosons are so heavy, the e↵ective
coupling of neutrinos to charged leptons is very small at
low energies. Wolfgang Pauli postulated their existence
in 1930 to restore conservation of momentum in beta de-
cay, but their direct detection via scattering o↵ nuclei
wasn’t achieved until 1956, when large neutrino fluxes
from nuclear reactors became available. The discovery
of this ghost-like neutrino sector was only the beginning,
and these elusive particles still aren’t done confusing us.
For example, we know that neutrinos have masses and
oscillate from one flavor to another, which the SM does
not account for.

Dark matter is the second known example in nature of
a hidden sector, and it also requires physics beyond the
SM. Where there are two, there could be many more. . .

It’s certainly possible for a hidden sector to contain
just one species of particle with no non-gravitational in-
teractions, but even very simple theories can give rise to
dynamics of surprising complexity. Take Quantum Chro-
modynamics (QCD), the theory of the Strong force in the
SM: a single confining gauge interaction and a few light
quark species produce a bewildering array of interact-
ing hadron bound states. It’s easy to imagine a hidden
cousin of QCD, with its own confining gauge interaction
and its own versions of quarks, and voila: a whole hid-
den world of particles, interactions, decays, and stable or
meta-stable states. This is the classic example of a Hid-
den Valley1 theory, and it exemplifies the rich structure
hidden sectors might have.

Hidden sectors can be connected to the SM via small
but nonzero e↵ective couplings called portals. This is es-
pecially motivated if the hidden sectors play a part in
solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, giving rise to small couplings
which violate them.

It’s also possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than or-

Energy

mhidden

mmediator

SM
Hidden 
Sector

Mediator

1

2

3
Higgs

Hidden Sector Production

Hidden Sector Slow Decay
Schematic representation of the states of a possible

Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states, in partic-
ular from the Hidden Sector to the SM or vice versa.
Quantum mechanical selection rules restrict the form
of interaction between the two sectors, resulting in
slow decays of Hidden Sector states to SM states.
These decays could require excitation of a heavy me-
diator state [1] by “borrowing energy”, courtesy of
the Heisenberg Uncertainty Principle (green arrows).
It’s also possible that a symmetry stabilizing some of
the Hidden Sector states is slightly broken. In that
case, a small coupling allows for decay into the SM
[2] (blue dashed arrow). Finally, certain SM states
like the photon or the Higgs can play the role of the
mediator [3] (orange arrows). Production of Hidden
Sector states in collisions of SM particles can pro-
ceed by exciting heavy mediators, which decay into
the Hidden Sector, or via the small couplings directly.

Box I: Portals to Hidden Sectors

dinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! Akin to neutrino oscil-
lations, the photon could oscillate into a hidden photon2

and interact with hidden states, while a Higgs Boson,
with a mass of 125 GeV/c2, is heavy enough to decay
directly into the Hidden Sector some of the time. Such
exotic Higgs decays are one of the most promising av-
enues for producing hidden sector particles.3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
signature of hidden sectors.

❖ Quest for new physics is not one-dimensional!  
 → New physics not necessarily at higher energies 
 → New physics could lie at mhidden < TeV 
      (hidden by small coupling to SM)


❖ Possible for a hidden sector to contain just  
1 species of particles with no non-gravitational 
interactions but… 
 → BSM is motivated if the hidden sectors play 
      a part in solving SM shortcoming 
 → Hidden sectors can be connected to the SM 
      via small effective couplings (portals)


❖ Rich phenomenology depending on Mediator nature 
(Heavy mediator, photon-dark photon oscillation, etc…)


❖ Portal is a tiny keyhole: decay can take a long time (Long-Lived Particles, LLP)

Flashes of Hidden Worlds at Colliders, D. Curtin and R. Sundrum,  Submitted to Physics Today, arXiv:1702.02524

What about hidden sectors?

https://arxiv.org/abs/1702.02524
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Long Lived Particle at Colliders

❖ LHC allows to probe Hidden Sectors with mmediator or mhidden at/above the EWK scale

❖ High-Luminosity (HL) LHC upgrade will increase the number of collisions by factor 10 

(~1.5x108 Higgs bosons)

❖ LLP production typically occurs at low rates: each individual displaced decay is so 

spectacular that backgrounds are orders of magnitude lower

❖ LLP in thermal equilibrium with the SM 
plasma in early Universe 

❖ As the universe cooled, 
first elements were formed (Big Bang 
Nucleosynthesis, BBN) took place 


❖ With few exceptions, LLPs decaying 
during/after BBN would disrupt the 
process 
 → LLP parameter space is finite!

Karsten Jedamzik. Big bang nucleosynthesis constraints on hadronically and electromagnetically decaying relic neutral particles. Phys. Rev., D74:103509, 2006. 
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Long Lived Particle at CMS
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, m(H) = 125 GeV, m(X) = 20 GeVµµ → XX (10%), X →H 

  (displaced leptons)-18 TeV, 20.5 fb

 ee, m(H) = 125 GeV, m(X) = 20 GeV→ XX (10%), X →H 

  (displaced leptons)-18 TeV, 19.6 fb

) = 420 GeVt~ bl, m(→ t~RPV SUSY, 

  (displaced leptons)-18 TeV, 19.7 fb

CMS long-lived particle searches, lifetime exclusions at 95% CL

Decays to dark sector particles at CMS: long-lived signatures Ted Kolberg (Florida State University) Dark Interactions 2016, BNL
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-010/index.html

Charged Long Lived Particles

❖ HSCP might have high momentum, speed smaller than c, and/or Q not equal to the 
elementary charge ±e


❖ Possible to distinguish |Q|≥1e particles with β < 0.9 from light SM particles using E loss

❖ Two ways to reconstruct HSCP: 

 → Requiring tracks only in the silicon detectors (tracker-only) 
 → Requiring tracks in both the silicon detectors and muon system (tracker+TOF)


❖ Muon trigger more efficient than Etmiss trigger

❖ Very well reconstructed track (muon) on the tracker-only (tracker-TOF) analysis

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-010/index.html
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Stopped Long Lived Particles

❖ LLP (gluinos, stops..) could be pair produced and 
hadronize into R-hadrons that interact with 
detector material (nuclear interactions & ioniz.) 
 → Below a critical velocity, kinetic energy go to 
      zero and (some later time) decays


❖ If LLP decays to at least one SM particle: 
 → High-energy jet not coincident with collisions 
 → Only rare background processes  

❖ Dedicated trigger used to select out-of-time events 
 → At least two BXs away from bunches 
     passing the detector 
 → Trigger requires at least one jet with E>50 GeV 
 → Calorimeter-based jet with E>70 GeV


❖ Main background: halo muons 
 → Can emit photons striking calorimeters 
 → Reduced by rejecting events with at least two 
      DT segments in the outermost barrel station

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-004/index.html
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Conclusions

❖ Program of dedicated searches for non-standard decays of the Higgs boson ongoing 
 → Room for BSM Higgs boson decays 
 → Signatures motivated by broad range of phenomenology  

❖ No stone should be left unturned 
 → Quest for new physics is not uni-dimensional!


    → Absence of new physics could point us toward the new nature of the Universe 

❖ CMS has an expanding program:

    → Boosted topologies, Low-mass searches, Long-lived particles… 

❖ Long Lived Particles searches start from trigger design

    → Triggering on LLPs involves either dedicated triggers or generic triggers 

    → Trends from Run1 to Run2 have mostly been to either raise thresholds in order to

         cope with pileup or design a more signal-specific trigger
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Backup



Luca Pernié Searches for extended Higgs sectors with the CMS experiment 22.June.2017

Extending the Higgs sector
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Model Description Higgs bosons

SM 
(one doublet of complex 

scalar fields)

3 d.o.f. give mass to W± and Z, 
Yukawa couplings generate 

fermion mass
h

SM + real singlet Used in the context of EWK 
baryogenesis, DM… h, H

2HDM 
(contains a second doublet)

Prerequisite for SUSY, 
natural in GUT, 

DM originating from 2HDM
h, H, A, H±

2HDM + complex singlet 
(e.g. NMSSM)

Solve the mu-problem in MSSM 
(where H(125) is unnaturally heavy) h1, h2, h3, a1, a2, H±

SM + triplet Natural explanation for small 
neutrino masses h, H, A, H±, H±±

❖ Higgs sector could result extended in many ways.
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The Large Hadron Collider

❖ Run 2 is officially started! 
→ About 3 fb-1 collected in 2015 
→ 37.8 fb-1 by the end of 2016 

• 160% larger collision energy → √s=13 TeV

• 200% larger number of bunches → 2800 bunches

• 200% larger pileup → 40 interactions/crossing

• 33%   smaller β* → 40 cm

• 170-220% larger peak Lumi. → (13-17)x1033 cm–2s-1❖ Comparison with 8 TeV:
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The Compact Muon Solenoid
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Heavy Higgs searches in Run 1

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-007/

❖ Several analysis considered: 
→ H → WW/ZZ (145<m<1000 GeV), 55 event categories in  WW(2l2ν), WW(2l2q), 
     ZZ(4l), ZZ(2l2ν), ZZ(2l2q). 
→ A/H/h → ττ (90<m<1000 GeV), sensitive variable is mττ. (τµτµ, τeτµ, τµτh, τeτh and 
     τhτh) and → µµ (115<m<300 GeV). Most sensitive CMS search to all three neutral 
     Higgs bosons in the MSSM. 
→ H± → τν-tb (τν dominates sensitivity). Divided in low and high mass region. 
→ A/H → bb (100<m<900 GeV). Prod. in assoc. with b-jets. 
     Discriminant variable: invariant mass of the 2 leading b-jets. 
→ A → ZH (140<m<1000 GeV). Z goes into leptons, H into b-quarks or τ. 
    In the llbb final state discriminating variables are m(bb) and m(llbb) (2-dimensional 
    shape analysis). The decay A → ZH is 2HDM specific. In MSSM it is 
    kinematically not allowed (A and H are degenerate in mass, with mH ≥ mA)


❖ Two ways to obtain limits: 
 → Templates for the full signal prediction for each value in the exclusion plane of the 
      considered scenario (mA-tanβ for MSSM; mH-tanβ for 2HDM). 
 → 95% CL limits on σ⋅Br of a single, narrow-width resonance (except for H → WW 
      ZZ analysis). Limits translated into the exclusion plane.
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Heavy Higgs searches in Run 1

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-007/

❖ By definition the whole parameter space that is displayed is 
mostly compatible with the constraints imposed by the 
couplings of the Higgs. 
 → Observed exclusion: transparently filled areas 
 → Expected exclusion: slightly darker shade| 
      (with hatching) 
 → The gray shaded areas: non-perturbative or unstable.


❖ Lower boundary in mH marks the kinematically allowed 
region for WW/ZZ. Upper boundary coincides with the 
opening of the decay into top-quarks.


❖ A→ZH analysis sharp edge at mH ~ 240 GeV coincides with 
opening of the decay of the A into top-quarks. 
Final state llbb shows the larger expected exclusion range.


❖ A/H/h → ττ: for type-I the dominant contribution to the 
exclusion originates from the production via gluon fusion.
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Heavy Higgs searches in Run 1

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-007/

❖ Exclusion up to tan β ≈ 60 for masses up to mA=1 TeV. 
For larger values of tanβ predictions in turn unstable.


❖ Most sensitive search: A/H/h → ττ (unable to separate S and 
B due to the presence of Z → ττ events with mZ ≈ mA). 
The strongest exclusion sensitivity for high values of mA 
and tanβ.


❖ Supported by the A/H → bb and A/H/h → µµ searches. 
Note: coupling of the Higgs bosons being proportional to the 
mass of the final state particle + difficulty to distinguish the 
signal from the large background from QCD multi-jet (in the 
case of b-quarks).


❖ H → WW/ZZ search leads to an exclusion for low values of 
mA and tan β, where the H-coupling to vector bosons allows 
for a significant branching fraction in the mmod+h.
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H→ZZ→4l  @13 TeV

❖ Signal: 
  → H → ZZ → 4l (l = e,μ): analysis measures both 
      SM-H and limits on additional resonances. 
  → Significance for SM-H: 2.5σ


❖ Backgrounds: 
 → ZZ (irreducible): estimated by simulation 
 → Z+jets, tt, Zγ + jets, WW+jets, WZ + jets (reducible): 
      estimated by two independent control regions


❖ Search for add. narrow resonance, width less than 
1% of mH (dominated by the resolution) 
 → Acceptance and efficiency modeled using gluon 
      fusion production for masses 120 - 850 GeV


❖ Few systematic uncertainties treated as shape (EWK 
correction). Fit to derive a 95% on σ × BR

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-004

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-004
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H→ZZ→4l  @13 TeV

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-004

❖ Search for any resonance is of high 
priority. Recent hints of an excess around 
mγγ ∼ 750 GeV make this task even more 
urgent.


❖ Production mechanism at high mass is 
predominantly gluon fusion with 
substantial contribution from VBF (here 
only gluon fusion).

❖  Treated as one process in gg-fusion: 
 → P(m4l, mX, ΓX, σX) for the gg →bkg + H(125)∗+ X(mX) → 
     4l allows inclusion of interference, including 
     off-shell tail of H(125) 
 → mH, ΓH, mX, ΓX are also included as general parameters 
      of the model 
→ Limits at the 95% CL on σ⋅Br for several values of ΓX

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-004
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Constrain from h(125) observation
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❖ 2HDM is constrained from H(125) properties: 
Preventing FCNC leave only two free parameters in the Higgs sector 
 → tanβ: ration of vev’s associated with the doublets 
 → α: mixing between the fields associated with the doublets

4 3 Summary of the analyses entering the exclusion contours

observations within the uncertainties of the MSSM and to reveal characteristic features of cer-
tain regions of the parameter space. Based on this groundwork, for this note the mmod+

h (with
µ = +200 GeV) and the hMSSM scenario [31, 32] have been chosen. The mmod+

h scenario is
a modification of the former mmax

h scenario that had been defined to maximize the achievable
values for mh. In the mmax

h scenario mh reached up to values of 130 GeV. After the discovery of
the H0 this scenario has been modified such that mh is compatible with mH0 within a theoret-
ical uncertainty of ±3 GeV [33] in as much of the parameter space as possible. The hMSSM
scenario has recently been introduced as an effective MSSM model, trading the precise knowl-
edge of mH0 against unknown higher order corrections in M2. In this way mh = mH0 is again
a manifest requirement of the scenario. This trade further allows one to obtain relatively sim-
ple relations between mA, tan b and the anticipated SUSY modifications to the couplings to the
h, as expected from the SM, as will be further discussed in Section 3. This scenario is strictly
valid for mA > 130 GeV and tan b < 10. It can still be formulated for values up to tan b < 60
though the omission of direct higher order SUSY corrections to down-type fermion couplings
(also referred to as Db corrections) and corrections due to SUSY particles in loops, which be-
come relevant for tan b > 10 question the consistency of the predictions with SUSY. A detailed
discussion of the hMSSM has been given in Ref. [34].

3 Summary of the analyses entering the exclusion contours
3.1 Indirect constraints from the couplings of the H0

When interpreted as the h the predicted production and decay rates of the H0 are particularly
sensitive to the angles a and b. In the 2HDM these angles are free parameters. In the hMSSM
they can be expressed in terms of the free parameters mA and tan b [32]. Thus in both cases the
allowed parameter space is constrained by the production and decay of the H0.

Such constraints have been obtained using the CMS inputs to the combined ATLAS and CMS
coupling analysis as presented in Ref. [23], for the gg, ZZ(4`), WW(2`2n), tt and bb decay
channels. For the discussion within this note the existing data have been re-interpreted; the
selected analyses have not been modified, in any other way. The production and decay rates
of the h relative to the SM expectation have been varied using the formalism of leading order
coupling modifiers, ki as defined in Ref. [35]. At leading order only three coupling modifiers
are needed to capture the relevant modifications of h production and decay relative to the SM
expectation in the considered scenarios. These are the modifiers for the coupling to up- and
down-type fermions, ku and kd, and the coupling to vector bosons, kV . For convenience, the
parameters ldu = ku/kd, lVu = kV/ku and kuu = k2

u/kh have been used, where kh (which can
be calculated in terms of the coupling modifiers, ku, kd and kV , assuming only decays into SM
particles) corresponds to the total width of the h, relative to the expectation of the SM. For the
SM all parameters take the value 1.

Based on this model, in a first step a general 3-dimensional likelihood function L(ldu, lVu, kuu)
has been built. When maximized this likelihood function leads to the estimates l̂du = 1.008, l̂Vu
= 1.160, k̂uu = 0.821. For this and any further maximization, systematic uncertainties have
been treated as nuisance parameters and profiled as done in the SM couplings analysis. The l̂i
have been used in a log-likelihood scan of the form

q(ldu, lVu, kuu) = �2 ln
✓L(data|ldu, lVu, kuu)

L(data|l̂du, l̂Vu, k̂uu)

◆
, (3)
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