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Why BSM ? 



• Problems of the Standard Model 
–“huge fine-tuning is needed to have mH ~ 

125 GeV after the radiative corrections” 
–“Big hierarchy problem”: 

• L (MGUT~1016 GeV or MP ~ 1018GeV) >> MZ  

–Does not include Dark Matter particle(s) 
 

 
 



How big is fine tuning ! 

“Fine tuning problem” 



“Hierarchy  problem”  

Why so big difference ? 

TOE 



Searches for BSM Physics with 
Higgs bosons 

• Non SM decays of h(125)  

 
 
 
 

 
 
• Additional Higgs bosons 
• precise coupling measurements for h(125) 

The present accuracy of Higgs boson 
measurement (in CMS) allows  
BR(h->BSM decays) < 0.65 at 95 % CL 
CMS PAS HIG-13-005 



Searches for H->invisible decays  
at LHC 

Detection of Dark Matter   



WMAP lunched in 2001 from Florida. 9 years data released in 2012 





One of simplest models of DM: 
Higgs-portal DM 

• DM consists of real scalars S, or vectors V or Majorana 
fermions f which interact with the SM fields only 
through the Higgs boson 
– It is the simplest extension of the SM 

DM annihilation                          direct detection scattering       invisible Higgs width 
Y.Mambrini arXiv:1108.0671           

Z2 symmetry -> DM is stable 
No DM - Higgs mixing 
No cosmological domain walls 



Connection between    
LHC H->inv. and XENON measurements  

DM-nucleon scattering 
    (by XENON exp.) 

H->invisible decay at LHC 

where fN – Higgs-nucleon coupling 

A. Djouadi et. al.    arXiv:1112.3299 



DM (WIMP) detection on Earth  
with XENON experiment (I)  

Start data taking in 2007 at Gran Sasso in Italy. Current XENON100 – 165 L xenon. Plan for 1000 L 



DM (WIMP) detection on Earth  
with XENON experiment (II)  

XENON collaboration, arXiv:1207.5988 

mh / 2 



XENON and LHC H->invisible  
constraints on DM 

• LHC is currently most sensitive DM detection apparatus, at 
least in the context of simple Higgs-portal models  

A. Djouadi et. al.    arXiv:1205.3169 



H->invisible BR in 
(N)MSSM  

• NMSSM H2->c0c0 

King, arXiv:1211.5074 

 

 

 

• pMSSM h->c0c0 

Djouadi arXiv:1211.4004 

 

 

 

 

 

 

 

 

 

Compatible with LHC Higgs data 
(green color) 

Alexandre Nikitenko 15 Higgs Exo, 15th January'13, CERN 

WMAP 



H->invisible:  
topologies proposed for LHC searches 

• VBF H->invis.   

– D. Zeppenfeld, O.J.Eboli 2000 

• ZH, H->invis., Z->ll, bb     

– D.P. Roy, D. Choudhuri 1994 

– Recently R. Godbole et al arXiv:1211.7015 

• gg->H+jet, H->invisible  

– A. Djouadi at al arXiv:1205.3169 

Alexandre Nikitenko 16 Higgs Exo, 15th January'13, CERN 



VBF H->invisible analysis 

EWK Z+jj as benchmark process 

VBF Higgs production features: 
- two jets in forward-backward 
  direction with large rapidity separation 
- large di-jet invariant mass 
- no jets in the central detector region 

Z 
 

Z 



EWK Z+jj vs VBF H+jj 
• EWK Z+jj production graphs 

 

 

 

 

• DY Z+jets production – dominant background 

+ many more types of processes with aQCD
2 



Extracting  
EWK Z+jj signal 

• Signal significance: 
– 2.6 for 7 TeV 
– 4.9 for 8 TeV 

• Agreement with SM predictions 
 



What did we learn from EWK Z+jj 
analysis useful for VBF H ? 

• Identify and solve problem with Jet Energy Scale 
in the forward region  
– important for all VBF Higgs analyses 

• Study central jet veto performance (although did 
not use it in final selections) 

• Found that MadGraph Monte Carlo does not 
describe well mJJ and y*= yZ-0.5(yj1+yj2) data 
distributions for DY Z+jets 
– use NLO corrections from MCFM program 

• Agreement with SM predictions made us sure 
that we understand our selections and 
systematics (tagging jets,…) 



VBF H->invisible: 
offline signal selections and topology 
• two jets pT>50 GeV, |h|<4.7 
• mjj > 1100 GeV 
• Dhjj > 4.2 
• ET

miss > 130 GeV 
• Dfjj < 1.0  
• Central jet veto 

j1 j2 

j1 

j2 

H->c0c0 

Signal: small Dfjj 

QCD: large Dfjj 

multijets (“QCD”) 



Dfjj and mjj  

• Dfjj after selections on: 

– mjj, ET
miss, Dhjj, CJV 

• mjj after selections on 

– Dfjj, ET
miss, Dhjj, CJV 



      Central Jet Veto (“rapidity gap”) in VBF (VV->H) production 
first discussed in : 
Yu. Dokshitzer, V. Khoze and S. Troyan, Sov.J.Nucl. Phys. 46 (1987) 712 
Yu. Dokshitzer, V. Khoze and T. Sjostrand, Phys.Lett., B274 (1992) 116 

  
From D. Zeppenfeld talk on TeV4LHC, 2004 



Veto region in CJV 

• reject event with j3 “between” two tagging 
jets in h   

Jtag1 

Jtag2 

htag.j
min < hj3 < htag.j

max 

Z 



Signal region, with CJV (x,y view) 



Signal region, with CJV (Z view) 



Cut-and-counting analysis  

• All background are obtained from data-driven 
methods with minimized dependence of MC 

• QCD multijet bkg. is reduced to ~ 10 % level  

• Number of events after all selections 



Upper limit on BR(H->invisible)  
in VBF analysis 

• At mh=125 GeV 
– 0.53 expected – the best limit so far among ATLAS 

and CMS analyses with ZH, H->invisible, Z->ll,bb  
– 0.69 observed; within 1s of expected 



Upper limits from ZH, H->invisible 
analyses 

• Z->ll, for mh=125 GeV 
– Expected 0.91 

– Observed 0.75 

• Z->bb, for mh=125 GeV 
– Expected 2.04 

– Observed   

signal region 

mT(Z,H) shape analysis                         BDT shape analysis 



Summary on H->invisible analyses 

• VBF  H->invisible mode has the best sensitivity which can be 
improved using shape instead of counting analysis 
 
 
 
 
 
 

 
• Combination of all H->invisible modes provides upper limit on 

BR – 0.54 (0.46 expected) better then indirect limit from visible 
SM modes, 0.65.  

• Analysis will become really interesting for physics once 
sensitivity better than ~ 30 % will be reached with 14 TeV data   



Higgs analysis in the framework of 
SUSY models (MSSM, NMSSM,…) 



 

• Super Symmetry (SUSY) is one of the 
possible solutions of “SM problems” 
– SUSY is symmetry relating particles of 

integer spin (bosons) and particles of 
spin ½ (fermions). Each particle has a 
partner (“sparticle”) with the same 
quantum numbers, but spin. 

–SUSY must be explicitely broken since 
mspart != mpart   

 
 



SUSY solution for “fine tuning problem” 



NH number of Higgs doublets (SM = 1, MSSM = 2) 

F number of flavors, SM = MSSM = 3 

SUSY and gauge couplings unification 



MSSM and 
Higgs bosons in MSSM 



• Unconstrained MSSM is the most “economic” version of SUSY 
–  Minimal gauge group SU(3)CxSU(2)LxU(1)Y 

–  Minimal particle content; tree generation of spin ½ quarks and leptons [no 
right handed neutrino] as in SM; The Higgs sector consists of two scalar 
doublet fields Hu and Hd that leads, after EW symmetry breaking to five 
Higgs particles : two CP even h, H bosons, a pseudoscalar A boson and two 
charged H+/- bosons 

– R parity conservation: Rp = (-1)2S+3B+L 

– Minimal set of soft SUSY-breaking terms 
– Unconstrained MSSM has 124 free parameres (104 from SUSY breaking 

terms + 19 parameters of the SM) 

• Constrained MSSM (or phenomenological MSSM) reduces number 
of free parameters to 22  
–  all the soft SUSY-breaking parameters are real => no new source of CP-

violation in addition to the one from CKM matrix 
– no FCNC at tree level 
– the soft SUSY-breaking masses and trilinear couplings of the 1st and 2nd 

sfermion generations are the same at low energy     

• So far most of the MSSM Higgs boson searches at LHC were 
performed  within the framework of phenomenological MSSM 
(pMSSM) without assuming any particular soft SUSY-breaking 
scenario (mSUGRA, AMSB, GMSB, ..)  



At tree level Higgs sector of MSSM is determined by two parameters: 
 
                                           MA and tan(b) 
 
                            1 <  tan(b) = v2/v1 = (v sin(b)) / (v cos(b)) < 60 
 
where v1 and v2 are vacuum expectation values (vev) of the neutral  
components of two Higgs doublets. 
 
                           v1

2+v2
2 = v2 = 2MZ

2 /(g2
2+g1

2) = (246 GeV)2 
 

 

                     Higgs masses at tree level 

mH,h
2 = ½[ (mA

2 +mZ
2 ) ± ((mA

2 +mZ
2)2 – 4mZ

2mA
2 (cos22b))1/2 ] 

 

                            mH+
2 = mA

2 + mW
2  

 

                                  mh < mZ  



  Dthmh 

~ 3 GeV 

MS = 1TeV 



Masses of MSSM Higgs bosons   

• Five Higgs bosons in 2HD and MSSM model:  
two CP-odd h, H; one CP-even A, two charged H+/- 

 



Total width of MSSM Higgs bosons 



Neutral Higgs boson couplings to fermions and gauge bosons in the MSSM at tree level 
normalized to the SM Higgs boson couplings gHff=(21/2Gm)1/2mf, gHVV = (21/2Gm)1/2MV

2 and the 
couplings of two Higgs bosons with one gauge boson, normalized to  
gW = (21/2Gm)1/2 for gFH+W- and gZ=(21/2Gm)1/2MZ for gFAZ   

a is a mixing angle between neutral components for two Higgs doublets H1
0, H2

0 

to give the physical CP-even Higgs bosons h, H 
  
                              cos2a = -cos2b ((MA

2-MZ
2)/(MH

2-Mh
2)) 

  
Radiative corrections introduce dependence on other parameters : 
  
      m, M2, Mgluino + 5 “physical” parameters: mstop1,2, msbottom1,2, qstop  

                                                       or  
       m, M2, Mgluino + 5 “unphysical parameters”: mstopL, mstopR, msbottomR, At, Ab 



MSSM neutral f->tt : the most sensitive 
channel at high values of tan b  

• gfbb
MSSM = gfbb

SM x tanb (f=A) at tree level 
• Br (f->tt) ~ 10 %  

 
 
 

 



t identification (I) 

• Step 1: decay mode finding 

~ 3 % t JES uncertainty 

th 



t identification (II) 

• Step2: isolation of th 



B-tagging 

Two b-jet candidates 



CMS b-tagging algorithms used in 
2012 data analyses (PAS BTV-13-001) 

• Track Counting 
– high purity; use 3rd track 3d ip significance 

• Jet Probability   
– use 3d ip significance of all tracks to build likelihood 
    that all tracks come from PV  

• Combined Secondary Vertex 
– uses SVs and track-based 
    life-time information  
    to build likelihood- 
     -based discriminator 
    between jets from b, c, 
    or light quarks and g’s 

Signs of Impact parameter and of 
vertex decay length are defined 
according to jet direction  



• CMS b-tagging performance with 8 TeV data 

Fake rate: 
for 80 < pT

j < 120 GeV 
|h| < 2.4 



Preparation for  
pp->f+X, f->tt discovery 

• CMS “discovery” of Z->tt,  2010, 1.7 pb-1 

m from t->mnn decay 

th 



CMS Z->tt measurement, 36 pb-1 



Z+b as a benchmark for MSSM H+b 

• Data vs MC comparizon 
–  kinematics => acceptance 

–  cross-sections 4FS vs 5FS  
• relevant for low mass Higgs boson 

• b-PDF – to be studied 
 

J. Campbell talk on 
CMS meeting, 2006  

1st CMS Z+b analysis 
with 2.2 fb-1 at 7 TeV 



CMS SUSY H->tt analysis, 2013 

















Example: control region for W+jets bkg 
• Normalize W+jets MC on mT > 70 GeV region 
• Predict W+jets event yield in signal region mT < 30 GeV 

using mT shape from MC 

W+jets control region Signal region 



tt mass  after all selections • mth • thth 
 



Sensitivity in MA-tanb plane for 
different event categories 

• t decay modes • b-tag. vs no-b-tagging 



Expected exclusion limits 

• In mA-tanb plane • model independent  



MSSM benchmark scenarios (I) 
(from M. Carena et al arXiv:13027033) 

• mh
max updated scenario: 

– green strip is allowed region of MA-tanb 

H->tt 

Excluded 



MSSM benchmark scenarios (II) 
(from M. Carena et al arXiv:13027033) 

• mh
mod scenario: 

– green area is allowed region of MA-tanb 

H->tt 

Allowed 
region 



How to access allowed region ? 
(from M. Carena et al arXiv:13027033) 

• mh
mod updated scenario: 

– green area is allowed region of MA-tanb 

– A/H decays to charginos/neutralinos are open here 
• Latest LHC analysis H/A->cc->4l+MET arXiv:0709.1029 

 
 

 H->tt 

Allowed 
region 



Latest development: “hMSSM” 
A. Djouadi et.al. arXiv:1307.5205 

• For mA >>MZ and heavy sparticles ~> 1 TeV 
measured value of mh defines radiative 
corrections at any order 

– no need anymore for “benchmark” scenarios   

• Only three input parameters in hMSSM 

– b, mh, mA 



mA-tanb  in “hMSSM”  
from A. Djouadi et.al. arXiv:1307.5205 

• From LHC measurement of h and searches for 
H/A/H+ 



Is low tanb region excluded ? 
(from A. Djouadi arXiv:1304.1787) 

• Low tanb region is not excluded for large MS 

• Accessible with a number of channels: 

with mt uncertainty 3 GeV (from tt~ cross-section)  Dthmh is ~ 6 GeV 



H->hh mode at low tanb MSSM   

• Scalars: H,h,A,H+; h(125) is discovered 
• For mA=300 GeV, tanb=2.5 

– s(gg->H) ~ 1 pb 
– Br(H->hh) ~ 0.6  

• s x Br  and NS for 20 fb-1 , 8 TeV: 
– ggbb  ~ 1 fb => 20 ev 
– ttbb ~ 60 fb => 1200 ev 
– bbbb ~ 300 fb => 6000 ev.  



H->h(125)h(125)->ggbb (I) 

• Search strategy 
– select ggjj events with at 

least 1 b-tag 

– select events within mjj 
and mggjj mass windows 

–  fit mgg for selected events  

 



H->h(125)h(125)->ggbb (II) 
mH=300 GeV with tanb=2.5 

• s x B for signal ~ 1.3 fb for mH=300 GeV 
– Signal efficiency for 2b-tag category ~ 0.06 

• mgg after mjj and mggjj mass window selections 
 Expected NS ~ 1.5 ev Expected NS

  ~ 2.0 ev 



Searches for t->H+b (mH+ < mt) 

• Study decay mode H+->tn 
assuming BR(H+->tn)=1 

m H+ < mt                                            m H+ > mt  

T. Plehn et al., hep-ph/0312286 

pp->tbH+ is in MC@NLO (T.Plehn et al) 
recipie for m H+ ~ mt: add tt and tbH+  

4FS and 5FS  NLO calculations exist 



CMS H+->tn. Topologies considered:  

Ntt
SUSY > Ntt

SM 

Ntt
SUSY < Ntt

SM 

Ntt
SUSY > Ntt

SM 



Event yields for individual analyses H+->tn:  

       Access or deficit of events in data is related to  
the difference between MSSM and SM tt~ event yields: 

th+jets channel is most sensitive, since most of the 
tt~->WbWb background is measured from the data 
                       and mT shape is used    

x=Br(t->H+b) 

th+jets                                       mth                                    em 

th+jets 



Results of H+->tn analysis with 2.3 fb-1  

In the next iteration of analysis with whole 2011/12 dataset it might be possible 
to exclude mH+ <  ~ 130 GeV,  since for this mass region exp. exclusion limits on 
Br(t->H+b) might be smaller than minimal possible values in MSSM mh

max                                

~ 8 

At tanb ~ 8  Br(t->H+b) has a minimum in MSSM at a given m 

JHEP 1207 (2012) 143 



Update for light H+ analysis   
with 2.3 -4.9 fb-1  

• to understand mH+-tanb plots remember the 
H+tb coupling structure: 

mth analysis is updated  
with 4.9 fb-1 at 7 TeV  
and using shape of t  
polarization variable 



Heavy charged Higgs decay modes to 
be searched for at 14 TeV runs 

• tn, tb, Wh 
• Production process: gb->tH+  

From A. Djouadi “Anatomy of EW Symmetry Breaking. Part II”. hep-ph/0503173 



NMSSM and 
Higgs bosons in NMSSM 

Resent NMSSM scans of LHC h(125): 
S.F. King, M. Muehlleitner, R. Nevzorov, K. Walz  

   arXiv:1211.5074, accepted by Nucl. Phys. B, 
  “Natural NMSSM Higgs Bosons” 

   S.F. King, M. Muehlleitner, R. Nevzorov 
    Nucl. Phs. B860 (2012) [arXiv:1201.2671[hep-ph]] 

    “NMSSM Higgs Benchmarks Near 125 GeV” 



• solve “m-problem” of MSSM (Kim, Nilles 1984) 
– m must be order of SUSY breaking scale MSUSY 

• two scales in the MSSM theory – EWSB and MSUSY 

• one scale in the NMSSM theory – MSUSY 

m=l<S> 







Landscape for NMSSM  
• Scalars:  

– H1,H2,H3; mH1 < mH2 < mH3 

– A1, A2:  mA1 < mA2  

• LHC discovered H2(125) 

• How to access H1 and H3 
– H2(125)->H1H1, Br ~ 10-20 % 

– H3->H2(125)H1 

• Favorable final state decay modes depend on mH1 

 2mm      2mt     2mb          125/2 GeV                 125 GeV 

mH1 axis 



H2(125)->H1H1: 2mm< mH1 < 2mt  

• H2->H1H1->mmmm 

– CMS PAS HIG-13-010 

 

 

mH1 axis 

Although  recent NMSSM scans  
do not favor very low mA1, H1  

 2mm      2mt     2mb          125/2 GeV                 125 GeV 



H2(125)->H1H1: 2mt< mH1 < 2mb  
• H2->H1H1->tttt  ~ 3 pb => 60K ev. for 20 fb-1 at 8 TeV 

– tmthtmth  with SS m’s looks 
    very promising ! 
 
 
  
 
 
 
 
– on going analysis    
 

 

tmth 

tmth 

H1 

H1 

mH1 axis 

 2mm      2mt     2mb          125/2 GeV                 125 GeV 



H2(125)->H1H1: 2mb< mH1 < mH1/2 (I)  
• H2->H1H1->ttbb; ~ 0.4 pb => 8 K events for 20 fb-1 at 

8 TeV 
• tmthbb mode looks hopeless  
     with SUSY H->tmth selections: 
  pT

m>20 GeV, |hm|<2.1 

  pT
th > 20 GeV, |hth|<2.3 

       two jets pT>25 GeV, |h|<2.4 
       at least one b-tag jets 

– NS~ 2-6 for mH1 (20-60) GeV 
– NB ~ 3K from data         

 

mH1 

 2mm      2mt     2mb          125/2 GeV                 125 GeV 



H2(125)->H1H1: 2mb< mH1 < mH1/2 (II)  

• WH2->H1H1->bbbb,  100 fb => 2000 ev with 20 
fb-1 => 400 ev. with W->e/m n  

• Particle level estimates 

     with  VH->bb analysis  

     selections  
– pT

m > 24 GeV, |hm|<2.1 

– pT
e > 27 GeV, |he|<2.5 

– pT
b>20 GeV, |hb| < 2.4         

 

mH1 

 2mm      2mt     2mb          125/2 GeV                 125 GeV 



DRbb  
and b-jet definition 

H2 H1 

H1 

b1 

b4 

b3 

b2 
DRbb 

DRbb < 0.5 => consider as one jet 

DRb1b2 

DRb1b3 



b-jet topologies in H11->bb + H12->bb 

2 jets                  3 jets               4 jets 

j1 j1 j1 j2 j1 j2 

j2 j2 j3 

j3 

j4 



Jets selection and 
b-tagging 

    

      20 GeV         40 GeV       60 GeV 

    two jets/passed pT cut   16.9/16.6                                     5.8/3.8      7.8/6.8 

 three jets/passed pT cut    105/14.4              26/14             57/24  

   four jets/passed pT cut      63/3.7            146/15              117/31   

   sum/passed pT cut     185/35        178/33              182/62       

         Tagging with  
Inclusive Vertex Finder*: 0.54 

       2.2             2.1         3.9 

Lepton 
Selection 

               N events at 20 fb-1 for a given mH1 

      20 GeV         40 GeV      60 GeV 

s Br2(H1->bb) Br(W->e/m n)                                       400 

   cuts on pT
l,  hl          284         284       284 

       |hb| < 2.4          203         194       199 

    DR(b-l) > 0.5          186         178       182 



Rare not reducible backgrounds for  
WH2->H1H1->bbbb need to be estimated  

• Z+tt 

• ttbb 

• W+bbbb, W->ln 

• WZ+bb, W->ln, Z->bb 

• From DPS  
– W+bb & bb 

– W+bb & Z->bb  

– W & bbbb 



H3->H2(125)H1: mH2/2 < mH1 < mH2  
• It is for 14 TeV LHC: 

– H3(300-600 GeV)->H2H1->WlWhbb, proposed in arXiv:1301.0453 
– H3(300-500 GeV)->H2H1->bbbb, KIT started analysis. They 

conclude that:  
 

mH1 

170 fb at 14 TeV 

500 fb-1 

 2mm      2mt     2mb          125/2 GeV                 125 GeV 



conclusion about NMSSM part of talk  

• good prospects for H2(125)->H1H1->tttt at 8 TeV 
– Higgs-Exotics lunched analysis;  2mt< mH1 < 2mb 

• difficult region 2mb < mH1 < mH2/2 
– most probably need 14 TeV data 
– WH2->H1H1->bbbb – need bkg. estimations 
– H2->H1H1->bbbb – not addressed yet 

• good prospects for H3->H2(125)H1->WWbb, bbbb at 14 TeV 
– Higgs-Exotics lunched analysis; mH1 > 60 GeV 

• still need to be considered decays H1(~100 GeV)->A1A1 
 

 

 2mm      2mt     2mb           mH2/2                              mH2 

mH1 



2 Higgs Doublet Model 

See for example “Theory and 
phenomenology of two-Higgs-doublet 
model”. G.C.Branco at.al. Phys.Reports 

516 (2012) 1-102 



Theoretical structure of the 2HDM 

• The scalar fields of the 2HDM are complex SU(2) 
doublet, hypercharge-one fields, F1 and F2.   
– the most general scalar potential: 

 
 
 
 
 
 
 
– compare to SM with single doublet scalar field F: 



• Yukawa couplings are given by: 

 

 

 
– where ha

U and ha
U are Yukawa coupling matrices and 

K is CKM matrix; a=1,2 

• It yields however three-level FCNC mediated by 
neutral Higgs exchange, since only one of ha

U 
and ha

D are  diagonal 

• The problem is solved by imposing discrete 
symmetry on the Higgs and fermion fields to set 
two of four Yukawa coupling matrices to zero 





Couplings and free parameters 
• Higgs couplings to fermions 

 
 

 
 
 
• couplings to bosons: 

 
 

• Free parameters : 
– mh, mH, mA, mH+, a, b, m12 



Recent scans in 2HDM with LHC h(126) 

• from arXiv:1305.4587, Ferreira, Santos. Sher, Silva 



Recent scans in 2HDM  
with LHC h(126) and H->VV  

• from arXiv:1305.1624, Chen, Dawson, Sher 



• Recent discussion by Howard E. Haber on “Higgs Days in 
Santander 13”, Sept. 2013: 
 
 
 

 
 
 
 
 
 
 

• Strategy for benchmarks in the general 2HDM with a new set of 
free parameters will be proposed soon to ATLAS and CMS 



Conclusions 

• Very reach physics program for BSM Higgs 
boson searches at LHC 

• We expect to have a second discovery in Higgs 
sector during LHC and HL-LHC operation 

• You are very welcome to join our searches  


