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BSM Physics Scenarios and exit strategies  

        [Howie Haber, LBNL SUSY Workshop, 2011][Howie Haber, LBNL SUSY Workshop, 2011]

Possible scenarios include:

1. A SM-like Higgs boson is discovered. No evidence for BSM physics is evident.

2. A SM-like Higgs boson is discovered. Separate evidence for BSM physics emerges.

3. A light Higgs-like scalar is discovered, with properties that deviate from the SM.

4. A very heavy scalar state is discovered.

5. No Higgs boson candidate is discovered, and the entire mass range for a SM-like

   Higgs boson below 1 TeV is excluded.

In the last three cases, theoretical consistency implies that BSM physics must exist at the

TeV energy scale that is observable at the LHC (with sufficient luminosity). Cases 4 and 5 

would likely be incompatible with TeV-scale supersymmetry, whereas cases 2 and 3 would

strongly encourage supersymmetric enthusiasts. 

Case 1 would strongly cast doubts on the principle of naturalness. Nevertheless, is it still

Possible to learn about physics at higher mass scales?
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Why search for                             ?Bs;d ! ¹+¹¡

Decays highly suppressed in SM (Buras 2010)

 - Forbidden at tree level

 - b → s(d) FCNC transition only through Penguin or box

 - Helicity suppressed by factors of (m
μ
/m

B
)2

Standard Model expectations

Sensitivity to new physics

- 2HDM, MSSM                           

- sensitivity to extended Higgs boson sector

- provide constraints on parameter space 



State of art - previous constraintsState of art - previous constraints
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Signal characteristics:

 - Two muons from a single decay vertex

 - Mass compatible with B
s
 (or B0)

 - Well reconstructed secondary vertex

 - Momentum aligned with flight direction

Background sources:

 - Two semi-leptonic B decays (gluon splitting)

 - One semi-leptonic B decay + misidentified hadron

 - Rare B decays

- peaking background

- non-preaking bkg

 - Combinatorial bkg : Evaluated from data in m
µµ

 sideband

 - Validation/Calibration of MC: 

B0s ! K+K¡

B0s ! K¡¹+º

Key ingredients: Good di-muon vertex, correct B mass assignment, pointing angle 

B§ ! J=ÃK§; B0s ! J=ÃÁ! ¹+¹¡K+K¡



Signal selection (before unblinding of signal window)Signal selection (before unblinding of signal window)
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Mass window requirement:

 - Resolution : 36 (70) MeV in barrel (endcap)

 - 5.3-5.45 (5.2 – 5.3) GeV for B
s
(B0) signal 

Selection cuts differentiated:

 - barrel (|η| < 1.4) & endcap regions

Single muon and B candidate selection:

 -p
T
(μ) > 4.0 GeV, p

T
(B) > 6.5 GeV 

Primary vertex consistent with p(B) dir.

Discriminating variables:

- flight length significance l
3d

/σ(l
3d

) > 15 (20)

 - 3D impact param δ
3d 

and significance

 - pointing angle α
3D 

 < 50 (25 )mrad

 - B vertex fit quality χ2/dof < 1.6

  

Side band region (GeV): 4.9 – 5.2 and 5.45 – 5.9 



Signal selection : isolationSignal selection : isolation
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Relative isolation of muon pairs

 - Cone with △R < 0.7

 - Include all tracks with p
T
 > 0.9 GeV from same PV 

B vertex isolation:

 - based on tracks reconstructed in the proximity of the secondary B vertex

 - avoid PU dependence (tracks associated to no PV)

 - distance of closest track to B vertex < 300 microns

Validate in                         MCB0s ! J=ÃÁ



Validation and normalizationValidation and normalization
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Validation of simulation is performed with two exclusive decay modes

  a) Validation of B+ MC (Normalization sample see next):

  b) Validation of B0
s
 signal MC (control sample):

B+ ! J=Ã(¹+¹¡)K+

Bs ! J=Ã(¹+¹¡)Á(K+K¡)

Good agreement with simulation after

sideband subtraction

 - Residual differences as systematics

Systematic Uncert added in quad:

 - For a) : 4% (largest isolation) 

 - For b) : 3% B+ ! J=Ã(¹+¹¡)K+



Pileup (in)dependencePileup (in)dependence
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Selection efficiency Vs N
PV

 in data: B+ ! J=Ã(¹+¹¡)K+

No pileup dependence observed.

CMS Preliminary



Branching RatiosBranching Ratios
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Branching ratios are measured separated in barrel and endcap

 - Many of the systematic uncertainties cancel in the ratio

 - No need for absolute luminosity and b-quark cross section

 - Large B+ yield and well known branching ratio (3% uncert.)

 - Ratio of fragmentation f
u
/f

s
 is from PDG (13% uncert.)

~82.7 K 
candidates

~23.8 K
candidates

CMS Preliminary



Background estimatesBackground estimates
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Combinatorial background:

 - Measured in data from B mass sidebands

 - Interpolate to SR under flat-shape assumption

Preaking background:

 - B → hh background with two muons with

   misidentified hadrons

 - Measure the mid-ID rate in data

 - Apply to MC bkg sample with mis-ID probability

Non-peaking CKM suppressed background from 

simulations (mostly at low masses)



Systematic uncertaintiesSystematic uncertainties
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Systematic uncertainties propagated into upper limit calculation

 (Errors are in %)



ResultsResults
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Candidate eventCandidate event
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Implication to new physicsImplication to new physics
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Empty regions due to previous upper limit and other published data

Strongly impacts are large tanβ

By the time of this study: New LHCb results 
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MSSM Higgs searches



MSSM HiggsMSSM Higgs
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PHENOMENOLOGY

 - Two Higgs Doublets

 - Five Higgs Bosons:

     h/H (CP = +1), A (CP = -1), H∓

 - Tree level: Two free parameters

    (m
A
, tanβ), radiative corr introduces other dependences

 - h standard-model like

 - Production cross section scales as tan2β

Production and decay of MSSM Higgs

Neutral Higgs Boson (h/H/A): BR (τ leptons) ~ 10%, BR (bbar) ~ 90% (challenging!)



Charged Higgs bosonCharged Higgs boson
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Charged Higgs H±

If M(H±) < m
top

; Lower limit LEP ~ 80 GeV

Observation is a direct sign of BSM

 - Light H (< m
top

)

   Dominant decay:

 - Heavy Higgs (> m
top

)

  

H§ ! ¿§º

B(H§ ! ¿§º) » 10%
Also depends on tanβ



Charged Higgs bosonCharged Higgs boson
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General strategy

 - Suppress QCD multijets 

 - Separate signal from bkg using M
T

      - Also use M
T
 for shape analysis (ττ)

Backgrounds (ττ) :

 - QCD multijets (measure in data)

 - EWK ttbar (measure in data; tau embeded)

 - Other backgrounds: 

         - EWK + ttbar with fake taus

Backgrounds (lτ) [ Major bkg: ttbar, W+Jets]:

 - Fake taus (measure in data)

 - Other EWK (genuine) taus from simulations

Backgrounds (eμ) [Major bkg: ttbar] :

 - Cleanest channel

 - Selection similar to ttbar xsec measurement



Charged Higgs (hadronic taus)Charged Higgs (hadronic taus)
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Event selection 

P
T
(τ) > 40 GeV, atleast 3 Jets with p

T
 > 30 GeV, MET > 50 GeV, atleast 1 btag jet

Δϕ (p
T
(τ) – MET) < 1600; pt (tracks) > 20 GeV with lepton veto

W → τ ν is suppressed using R = ptrk /p(τ) > 0.7 

QCD multijet bkg (fake taus) measured in data

EWK ttbar (embedding method)

 - Define control sample in data

 - select high p
T
 muons (lepton universality assumed)

 - Replace muons by taus from simulated tau decays



Charged Higgs (lCharged Higgs (lττ & e & eμμ))

March 17th, 2012  SEARCH Workshop, University of Maryland, MD        22                                                                                           Sanjay Padhi

H§ ! e§¹¨H§ ! e§¿¨h ; ¹
§¿¨h

Good agreement between expectation and observation



Charged HiggsCharged Higgs
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Significant constrain on the BR (CDF/D0 results for 80 -155 GeV, H± ⇒ BR ~20%)

Excludes a large region in m(H) -  tanβ plane

BR(t! H+b) < 2¡ 3%



MSSM Neutral Higgs (h, H, A)MSSM Neutral Higgs (h, H, A)
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Enhanced coupling to b-quarks and tau-leptons

Decays to b-quark and tau pairs enhanced at all masses 



MSSM Neutral HiggsMSSM Neutral Higgs
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Tau pairs reconstructed in decays leptons (e/μ)+ hadrons (1 or 3 prong) or eμ

Kinematic fit to obtain tau pair mass

- used to search for H to tt contribution

Two main categories : non-b-tagged and b-tagged (to enhance bbΦ)



MSSM Neutral HiggsMSSM Neutral Higgs
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Á! ¿+¿¡(e¿h; ¹¿h; e¹)

This excludes previously unexplored region:

- reaching as low as tanβ = 7.1 and m
A
 = 160 GeV



Double charged Higgs searchDouble charged Higgs search
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Minimal seesaw model of Type-II with one triplet scalar field 
                                                                                                       [Magg, Wetterich, Schechter, Valle, Mohapatra, Senjanovic]

Essentially is a search for like-sign dileptons

4 benchmark point used (BP1 – BP4) [Kadastik, Raidal, Rebane, 2008]

             -  to probe different characteristic of neutrino mass matrix



Double charged Higgs searchesDouble charged Higgs searches
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Tri-lepton and Quadlepton Modes in all lepton flavours



Double charged Higgs searchesDouble charged Higgs searches
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CMS PAS HIG-12-005



NMSSM light pseudoscalar higgs NMSSM light pseudoscalar higgs 
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a1 ! ¹+¹¡

Next-to-Minimal Supersymmetric Standard Model (NMSSM):

 - Adds singlet scalar field, thus expanding the Higgs sector

 - Three CP-even (h
1
, h

2
, h

3
) and two CP-odd (a

1
, a

2
) and two charged scalars H±

A light (~10 GeV) boson is produced

Search for a
1
 in its decays to OS dimuons

Analysis strategy :

 - Select isolated OS muons with p
T
 > 4 GeV

    p
T
(μμ) > 6 GeV

 - Search below/above the upsilon peaks

  - 5.5 < M(μμ) < 8 GeV

 - 11.5 < M(μμ) < 14 GeV 

Trigger Challenges :

 Use special dimuon trigger which include dimuon inv mass

 and DCA (distance of closest approach to beam axis) < 0.5



NMSSM light pseudoscalar higgs NMSSM light pseudoscalar higgs 
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a1 ! ¹+¹¡

Results are in 3 variables: m
a1

, tanβ & cosθ
A

The dashed lines are the results from BaBar

Solid lines are the CMS results
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Few personal remarks
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Important parameters for MSSM Higgs:

 - tanβ and M
A

 - the SUSY breaking scale M
S

 - the mixing parameter in the stop sector X
t
 = |A

t
 – μ cot β|;

    - A
t
 is the trilinear scaling coupling

    - μ is the mass parameter for the Higgs in the superpotential

M
h

max can be obtained:

 - a decoupling regime with a heavy pseudoscalar Higgs boson (M
A
 ~1 TeV)

 - large tanβ, → β > tan 10

 - heavy stops → large M
S

 - maximal mixing scenario (X
t
 = |A

t
 – μ cot β|): X

t
 = 6M

S

 
- minimal mixing scenario X

t
 ~ 0 



Consequences in pMSSMConsequences in pMSSM
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Based on talks this morning, consider higgs to be 123 < M
h
 (GeV) < 127 

The consequences of this in pMSSM (19 parameter)

A. Arbey, M. Battaglia, A. Djouadi, F.M., J. Quevillon, Phys.Lett. B708 (2012) 162

A large part of the pMSSM still survives

No mixing cases (X
t
 ~ 0) is excluded for M

S
 < 1 TeV

  - Even at M
S
 < 3 TeV, chances are narrow

Small stop masses are still allowed



Consequences of Higgs results for BSM HiggsConsequences of Higgs results for BSM Higgs
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Now let us apply other constraints discussed earlier:

  - Direct 

  - Constraints from 

  - Dark matter direct detection constraints (XENON)

A! ¿+¿¡

BR(Bs ! ¹+¹¡)

In the maximal mixing case (X
t 
= 6 M

S
)

Preliminary results: Nazila Mahmoudi, Moriond EWK

Flavour constraints:                                    and new LHCb B
s
 results b! s°;B ! ¿º

123 < M
h
 (GeV) < 127 

1 TeV M
SUSY

2 TeV M
SUSY



Consequences of Higgs results for BSM HiggsConsequences of Higgs results for BSM Higgs
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In the maximal mixing case (X
t 
= 6 M

S
)

Flavour constraints:                                    and new LHCb B
s
 results b! s°;B ! ¿º

Very strong constraint on the neutral Higgs searches!

123 < M
h
 (GeV) < 127 

3 TeV M
SUSY



Summary and ConclusionSummary and Conclusion
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Search for rare decays has been performed. 

- New upper limit on BR for B
S
 and B0 using 2011 data

CMS has made searches sensitive to beyond the minimal higgs of the SM.

No evidence for non-standard higgs production or decay is found.

MSSM higgs parameter space is constrained by the studied modes.

With the expected > 15 fb-1 @ 8 TeV is likely to shed light on new physics.



BSM Physics @ 8 TeVBSM Physics @ 8 TeV

March 17th, 2012  SEARCH Workshop, University of Maryland, MD       38                                                                                           Sanjay Padhi



March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi

Backup Slides 



CMS detectorCMS detector

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



TausTaus

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



TausTaus

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



TausTaus

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



TausTaus

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



MSSM – Charged Higgs QCDMSSM – Charged Higgs QCD

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



MSSM – Charged Higgs QCDMSSM – Charged Higgs QCD

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



MSSM – Charged Higgs QCDMSSM – Charged Higgs QCD

March 17th, 2012  SEARCH Workshop, University of Maryland, MD                                                                                                    Sanjay Padhi



MSSM – Charged Higgs QCDMSSM – Charged Higgs QCD
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MSSM – Charged Higgs (replacement method) MSSM – Charged Higgs (replacement method) 
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MSSM – Neutral HiggsMSSM – Neutral Higgs
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Doubly charged higgsDoubly charged higgs
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