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SM 

http://theoryandpractice.org/2013/08/a-fresh-look-for-the-standard-model 
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BSM H 

Wide range of BSM predictions related to H boson and new scalar bosons 
 

Overview of BSM H models è see Higgs Hunting (https://indico.lal.in2p3.fr/event/2722/) 
Ø  Anyway, we found a new particle, now use it in BSM searches! 

Supersymmetry 
Baryogenesis 

Dark Matter 
Hierarchy 

Flavour 
Gravity 

… 

See also Jessie Shelton (Tuesday) 
 



Indirect H 
H properties 

 

 
And consistent with JP = 0+ 

Indirect constraints 

 
 
 
 
 
 
 
 

Weakest constraint: cos(β-α) à 0 
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Still some room for direct searches 

See also Attilio Andreazza (Tuesday) 
 

See also Lydia Brenner (Tuesday) 



Direct searches 
•  Heavy H 

Ø SM-like H: ZZ + WW + γγ 
•  Di-H 

Ø Xàhh: WW + bb + ττ + γγ 
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New scalar bosons: 
-  MSSM 
-  NMSSM 
-  2HDMs 

à la  
125 GeV discovery 

•  Exotic decays 
Ø Rare&LFV [see Hideki Okawa] 
Ø HàMET: invisible + pseudo-invisible 

•  2HDMs & SUSY 
Ø AàZh & HàZA: bb + ττ 
Ø Charged H±: tb + τv + cs 
Ø MSSM Φ: bb + ττ + µµ 
Ø NMSSM light a: ττ + µµ + γγ 

 

Couplings 
to lighter fermions 

Exotic final states 

Ø  A full SUSY2015 week of BSM electroweak afternoon sessions! 
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Heavy H 

SM-like final states 

ZZ/WW/γγ 



Hàγγ 
•  BSM mass ranges 

Ø Low mass: 80-110 GeV 
Ø High mass: 150-850 GeV 
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•  Interpretation 
Ø Spin-0 & spin-2 & 2HDM 

•  Model-independent scan 
Ø MX vs ΓX 

ATLAS: PRL113(2014)171801  
CMS: arXiv:1506.02301 
CMS HIG-14-037 

See also Petra Merkel (Thursday) & Graham Cree (Friday)  
 



HàVV 
•  WW+ZZ 

•  lvlv, lvqq, 4l, llqq, llvv 
(CMS) qqvv (Atlas) 

•  Assume SM-like 
production & decay 
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•  Reinterpretation:  
EW singlet scalar 
Ø Bnew: non-SM decay modes 
Ø C’: coupling scale factor 

CMS arXiv:1504.00936 

ATLAS-HIGG-2013-19 
ATLAS-HIGG-2013-20 
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Dark H 
 
 
 
 
 
 
 
 
 
 
 
 
-  H à invisible 
-  H à light + dark 
-  Mono-H + Dark Matter 



DM 
•  New Dark Matter search 

Ø Mono-jet & mono-Vhad 

Ø Boosted & resolved 

•  Generic DM mediator models 
Ø Vector & Axial & Scalar & Pseudo 
Ø LHC ‘Dark Matter Forum’ [arXiv/1507.00966] 
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CMS PAS 
EXO-12-055 

See also Priscilla Pani (Monday) 



DM 
•  New Dark Matter search 

Ø Mono-jet & mono-Vhad 
Ø Boosted & resolved 

 

•  Constrains (MDM,MMed) for V&A&S&P mediators 
Ø Also sensitive to VhadH & ggH 
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 See also CERN LPCC Seminar (Phil Harris) https://indico.cern.ch/event/388149/  

Scalar 
Pseudo 
scalar 

CMS PAS EXO-12-055 



Hàinv 
Hàinv interpretation  
Ø Dark Matter in  

H-portal models 
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Summary of direct LHC searches for Hàinv 
 
 
 

 
 
 
New Atlas VBF+VH combination: Hàinv < 25% (27%) [link to EPS]  

BR(Hàinv)  
upper limits at 95%C.L. 

Atlas CMS 

ZH 75% (62%) 
arXiv/1402.3244 

81% (83%) 
arXiv/1404.1344 

VhadH  (+ggH) 78% (86%) 
arxiv/1504.04324 

53% (62%) 
CMS PAS EXO-12-055 

VBF 28% (31%) 
ATLAS-CONF-2015-004 + link to EPS 

57% (40%) 
CMS PAS HIG-14-038 

H SM DM 

H portal 



Hàinv+γ(γ) 
•  Production: ggH & VH & VBF 

Ø Model-specific interpretations 

Ø Model-independent results 
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CMS [‘data parking’] 
ET(γ) > 30 GeV 
MET > 25 GeV 

Atlas Trigger 
ET(γ) > 40 GeV 
MET > 60 GeV 

ATLAS-CONF-2015-001 
CMS arXiv:1507.00359 



Mono-H 
•  H(γγ)+MET 

Ø pT(γγ) > 90 GeV  
Ø MET > 90 GeV 
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arXiv/1506.01081 
à PRL 

•  Different interpretations 
Ø EFT 
Ø Simplified mediator models 

•  Constrains also low DM mass 
Ø Still statistically limited 

See also Florian Bernlochner (Tuesday) 
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2HDMs 



2HDMs 
•  Two complex Higgs doublets: Φ1,2 

•  5 states: h, H (CP-even), H± (charged), A (CP-odd) 
Ø SM h = 125 GeV 

•  2HDM parameters 
Ø Masses MH, vev ratio tanβ = v1/v2, mixing angle α 

•  Four types 
1.  Type I: all fermions couple to Φ2 [“fermiophobic”] 
2.  Type II: up-type Φ2, down-type Φ1 [“MSSM”] 
3.  Type III: quarks Type-I, leptons Type-II [“lepton-specific”] 
4.  Type IV: quarks Type-II, leptons Type-I [“flipped”] 
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AàZh 
•  AàZ(ll)h(ττ) 

Ø Three ττ channels 

•  AàZ(ll)h(bb) 
Ø Two tags, Mh constraint 

•  AàZ(vv)h(bb) 
Ø Transverse mass 
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Interpretation: 
•  Exclude small tanβ 

Ø Type-I up to 5 
Ø Type-II up to 3 

See also Matteo Bauce (Monday) PLB744(2015)163 

CMS arXiv/1504.04710 



AàZh + Hàhh 
Ø Multi-lepton & lepton+photons [left]  
Ø bbττ & llττ [NEW!] 

 

Ø These combinations leave room for cos(β-α)à0 and large tanβ 
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PRD90(2014)112013 
CMS PAS HIG-14-034 

cos(β-α)=0 



HàZA 
HàZ(ll)A(ττ) 
•  Invariant mass Mττ 

Ø Small background 

Model-independent limits 
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CMS PAS HIG-15-001 

Interpretation in type-II 2HDM 
•  Exclude in terms of 

Ø  (MA,MH) 
Ø  (cos(β-α),tanβ) 

Ø Sensitive for [cos(β-α),tanβ]=[0,1]  

See also Roberto Castello (Monday) 



HàZA excess 
HàZ(ll)A(bb) 
•  Invariant masses (Mbb,MZbb) 

Ø More background 
Ø Larger b coupling 
Ø Model-independent constraints 

•  Exclude larger (MA,MH) 
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•  Two excesses observed. (Mbb,MZbb) = (93,286) GeV  
Ø 1.6 σ global (2.6 σ local) 

•  Run-1 à only covered by CMS 
Ø To be studied in Run-2 CMS PAS HIG-15-001 
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SUSY Φ 



MSSM 
•  MSSM: constrained Type-II 2HDM 

Ø Two main parameters: MA & tanβ 
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1.  Neutral H 
Ø Large tanβ: Enhanced coupling to b&τ 

2.  Charged H: τv, tb 
Ø Above/below mass threshold 

3.  NMSSM: MSSM + singlet 
Ø Additional light pseudo-scalar 

bb 

tb 

ττ 

τν 



MSSM: Φàττ 
Event categorisation 
•  Tau decay modes 

Ø τlτl, τlτhad, τhadτhad 
•  B-jet categorization 

Ø b-tags, b-vetoes 
•  Discriminating observable: Mττ 
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Interpretation 
•  Production 

Ø Gluon fusion 
Ø b-associated  

•  Constrain large tanβ  
Ø For MA up to 1TeV 

•  Still unexcluded phase space 
Ø Compatible with Mh=125 GeV 

JHEP11(2014)056 

See also Cecile Caillol (Thursday) 
 



Φàbb/ττ 
MSSM: bb/ττ resonances 
•  Φàbb : production with extra b’s 

Ø Also sensitive to large tanβ  
•  Φàττ also consider ggΦ 

Ø Various scenarii: mhmax, mhmod, light-stop/stau, τ-phobic, low-mass MH 
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arXiv:1506.08329 
CMS PAS HIG-14-029 

See also Sara Alderweireldt (Tuesday) 
 

Φàττ 



H±àτν 

Light: dominant H±àτν 
•  M(H±) < 200 GeV 

Ø  tanβ>2 
Ø  ttbar production 
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See Geoffry Gille & Gourange Kole (Thursday) 
 

CMS-PAS-HIG-14-020  
Atlas JHEP03 (2015) 088 



H± 
Light: dominant H±àτν 
Heavy: dominant H±àtb 
•  M(H±) > 200 GeV  
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CMS-PAS-HIG-14-020  
Atlas JHEP03 (2015) 088 

See Geoffry Gille & Gourange Kole (Thursday) 
 



Light NMSSM 
•  h à aa à µµττ 

Ø Collimated boosted 
final state objects 

•  h à aa+X à µµµµ+X 
Ø 0.25 < ma < 3.55 GeV 
Ø 90 < mh12 < 150 GeV 

•  h+X à bb+X 
Ø h part of cascade 
Ø 2 energetic jets 
Ø large MET 

Ø h à aaà γγγγ 
Ø 300 < MH < 900 GeV 
Ø 10 GeV < Ma < MH/2 
Ø Search for light & 

heavy resonances 
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CMS arXiv/1506.00424 
ATLAS-HIGG-2014-02 
CMS PAS HIG-14-030 

See also Kristina Looper & Francesca Ricci-Tam (Friday) 
 

Ø  Rich program of searches for light scalar bosons 

NEW Atlas-EXOT-2013-24 

30 < mh1 < 100 GeV 



SUSY combined 
•  Direct+indirect tightly constrain hMSSM at low mass 

Ø Room for high mass and alternative interpretations 
Ø Weakest constraints from direct searches at intermediate tanβ 
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to be submitted as 
CERN-PH-EP-2015-191 

Large tanβ 
è Fermionic 
Small tanβ 
è Bosonic 
MA à 2xMt 
è Indirect 
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What’s next-to-next? 

è Phase-2 

http://cms.web.cern.ch/news/reconstructing-multitude-particle-tracks-within-cms 



Xàhh 
Motivation 
1.  Prepare long-term SM hh 

Ø HL-LHC: test self coupling 
2.  Search Xàhh resonances 

Ø bbγγ, bbττ, bbbb,multilepton, l+γ 
 
Results 
1.  Intermediate mass  

Ø Atlas excess: 2.4σ [global!] 

2.  High mass à boosted 
Ø Interpretation:  

warped extra dimensions 
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CMS-PAS-HIG-13-032 
arXiv/1503.04114 
PRL114(2015)081802 



Phase-2 

•  H-boson beyond RunII 
Ø HL-LHC: 3000 fb-1 at 14TeV 
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CMS-FTR-13-024 

See also Adrian Perieanu (Thursday)   

Ø 2HDMs  
- indirect constraints 
- direct searches  
cos(β-α) à 0 
tanβ à intermediate 

Ø Standard Model: HH 
Ø Challenging for SM 



Conclusions 
•  H related to various BSM 

Ø Motivate search for non-standard scalar bosons 
•  Various final states 

Ø SM-like: ZZ,WW,γγ & BSM couplings: b,τ,µ,etc 
•  Various searches 

Ø Light+heavy+charged scalars & exotic decays & indirect 
•  Various interpretations 

Ø Singlet, MSSM, NMSSM, 2HDM & model independent limits 
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•  Run-1 has provided tight constraints 
Ø Run-2 will allow to enter uncovered parameter space! 



Thank you slide 
• Put Atlas+CMS event displays here 
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It’s time for… 
 
 

 
  

 …LHC Run-2! 



BACKUP 

https://indico.cern.ch/event/331032/session/5/?slotId=5#20150829  



Motivation in 2014 
After the discovery of the 125 GeV boson…  
search for BSM processes in the scalar sector  
•  Precision studies of properties 

Ø Couplings: production & decays 
Ø CMS-HIG-13-005, see presentation by Linda Finco 

Ø Rare decays: Zγ, γ*γ, µµ 
Ø Invisible decays: Dark Matter 

•  Direct searches for extended scalar sector 
Ø Extra singlets/doublets 

•  2HDMs 
•  MSSM 
•  NMSSM   
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Ø Interplay between direct & indirect searches 
Ø Today’s focus: recent results on direct searches 



HàZγ 
Rare decay 
•  Small BR in SM: 0.1% 
•  Loops: sensitive to 

undiscovered processes 
Ø E.g. composite Higgs 
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7+8 TeV (24.6 fb-1) 
•  Search in Z(ee)+γ  

and Z(µµ)+γ final states 
Ø 5 event cat’s (jets, leptons, photon) 
Ø Use invariant mass mllγ 

•  Exclusion limit at 125 GeV  
Ø Observed: >9.5 x BRSM @95%CL 
Ø Expected: >10 x BRSM 

Phys.Lett.B726(2013)587 



Hàγ*γàµµγ 
•  Rare Dalitz decay 

•  Various contributions to same 
final state 

•  Sensitive to e.g.  
new resonances 

•  Selection w.r.t. Zγ: mµµ<20 GeV 
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8 TeV (19.7 fb-1) 
•  Use invariant mass mµµγ 

•  Limit at 125 GeV 
Ø Exclude >11 (7) x BRSM @95%CL 
 

CMS-HIG-14-003 



Hàχχ 
Direct search for invisible decays 
•  Exploit associated production 

in VBF and VH final states 

Tristan du Pree (CERN), SUSY (29 Aug 2015) 38 

Limits on BRinv 
•  Combine searches 

Ø VBF, Z(ll)H, Z(bb)H 

•  Direct exclusion limit:  
BRinv > 58% (46%) 
Ø  Indirect (width): > 52% (56%) 

Ø CMS-HIG-13-005 

•  Interpret as DM limits 
Higgs-portal models 
Ø Scalar, vector, fermion DM 

CMS-HIG-13-030 
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PROPERTIESèSEARCHES 

Φàµµ 
CMS-HIG-12-033 

hàµµ 
CMS-HIG-13-007 



Singlet 
SM+EW singlet field 
•  Mixing è heavy Higgs with 

SM Higgs-like couplings 
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Results 
Ø Exclude SM-like heavy Higgs 

up to 1 TeV  
Ø With HàZZàllνν alone 

Ø Exclude large C’ 
Ø Assuming BRnew=0 

Ø Room left for smaller C’ 

CMS-HIG-13-014 

Rescale light h couplings:  
 
 
Heavy H: 
µH = C’2(1 - BRH,new) 
Ø C’2 = 1 - µh 

Ø unitarity 

C2 



Singlet 
SM+EW singlet field 
•  Mixing è heavy Higgs with 

SM Higgs-like couplings 
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Results 
Ø Exclude SM-like heavy Higgs 

up to 1 TeV  
Ø With HàZZàllνν alone 

Ø Exclude large C’ 
Ø Assuming BRnew=0 

Ø Room left for smaller C’ 

CMS-HIG-13-014 

Rescale light h couplings:  
 
 
Heavy H: 
µH = C’2(1 - BRH,new) 
Ø C’2 = 1 - µh 

Ø unitarity 

C2 



2HDMs 
•  Effective theory with two complex scalar doublets  

•  5 physical scalar fields after EWSB 
Ø 3 neutral: h, H (CP-even), A (CP-odd) 
Ø 2 charged: H± 

•  Couplings described by 2 mixing angles 
•  tanβ = v1/v2 

•  α mixing angle h/H 
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•  Using measurements of h(125), indirect limits can already be set 
Ø See e.g. ATLAS-CONF-2014-010 

Ø  Type 1 
Φ1 coupled to V, Φ2 to f 
Ø  Type 2 
Φ1 coupled to u-type,  
Φ2 to d-type quarks 



Hàhh & AàZh 
•  Direct 2HDM searches 

Ø Hàhh (2mh<mH<2mt) 
Ø AàZh (mh+mZ<mA<2mt) 

•  Various final states 
Ø Leptons/photons/etc 
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CMS-HIG-13-025 

Ø Direct constraints on 2HDMS of Type I and Type II 

multilepton chann. 



Hàhh & AàZh 
•  Direct 2HDM searches 

Ø Hàhh (2mh<mH<2mt) 
Ø AàZh (mh+mZ<mA<2mt) 

•  Various final states 
Ø Leptons/photons/etc 
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CMS-HIG-13-025 

Ø Direct constraints on 2HDMS of Type I and Type II 

multilepton chann. 



Xàh(γγ)h(bb) 
Search hh resonance 
•  mX = [260,1100] GeV 

Ø 2 γ 
Ø 1/2 b-tagged jets 

•  Public since Monday! 
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NEW CMS-HIG-13-032 

Ø See presentation by M.Gouzevitch for details on photon reconstruction 



Xàh(γγ)h(bb) 
Search hh resonance 
•  mX = [260,1100] GeV 

Ø 2 γ 
Ø 1/2 b-tagged jets 

•  Public since Monday! 
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NEW CMS-HIG-13-032 

Fits 
•  Polynom. background 
1.  m(γγjj) 

Ø mX>400 GeV 
Ø Kinematic fit 

2.  m(γγ) 
Ø mX<400 GeV 

mX > 400 GeV mX < 400 GeV 



Xàh(γγ)h(bb) 
Search hh resonance 
•  mX = [260,1100] GeV 

Ø 2 γ & 1/2 b-tagged jets 
Ø >400GeV: kinematic fit 

•  Public since Monday! 
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NEW CMS-HIG-13-032 

Spin hypothesis 
Ø Test spin-0 and spin-2 models 
Ø Selection minimally sensitive 
Limits  
•  Warped extra dimensions  

Ø Radion scale ΛR = 1 TeV 
Ø Radion mass exclusion:  

MX < 970 GeV 



Xàh(γγ)h(bb) 
Search hh resonance 
•  mX = [260,1100] GeV 

Ø 2 γ & 2 b-tagged jets 
Ø >400GeV: kinematic fit 

•  Public since a week! 
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Plan:  
Ø 2HDM interpretation  

Ø Hàh(γγ)h(bb) 

Ø Example: (N)MSSM 

NEW CMS-HIG-13-032 
Buttazzo, Sala, Tesi, et al  
arXiv:1304.3670 



MSSM 
• MSSM scalar sector 

Ø A particular 2HDM Type II model 
Ø Phenomenology described in tanβ vs mA 

•  Indirect exclusion from h(125) on mA 
Ø Simplified MSSM (arXiv:1305.2172)  

• Direct searches 
Ø Neutral scalars 
Ø Charged Higgses 
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Φàbb and Φàµµ 
Various direct MSSM searches 
•  Φàbb and Φàµµ 

Ø Possibly with b’s in final state 
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CMS-HIG-12-033 CMS-HIG-12-033 



Φàττ 
•  Direct search for MSSM  

neutral Higgs with Φàττ 
•  mA<140 GeV almost excluded 

Ø Φàττ + LEP 
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CMS-HIG-13-021 

•  Split b-tag multiplicity 
Ø Model-independent limits: 



H±àτν 
MSSM H±àτν 
•  mH± < mt: ttbar decay 

Ø  ttàHbWb 

•  H±àτ±ν significant 
Ø Also for small tanβ 

•  Combining various channels 
Ø  Fully hadronic, e-tau, e-mu 

Tristan du Pree (CERN), SUSY (29 Aug 2015) 52 

Limits (4.9fb-1 @ 7TeV) 
•  BR(tàH+b) > 2-4 %  

Ø  80 < mH < 160 GeV 
Ø  Assuming BR(H+àτν=1) 

CMS-HIG-11-019 



NMSSM 
•  Beyond MSSM: NMSSM 

Ø Additional gauge singlet 
•  Further extend Higgs sector 

Ø Additional CP-even & CP-odd 

•  Larger phenomenology 
Ø Neutral scalars with m<125  

not excluded in NMSSM 
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•  Most recent search: h1,2àa1a1à4µ 
Ø 2mµ<ma<2mτ 

Ø Limits on various BSM models 

CMS-HIG-13-010 

indirect 
exclusion 
from h(125) 



Prospects 

•  Outlook beyond RunII 
Ø 3000 fb-1 at 14TeV 

•  Direct searches 
Ø HàZZ, AàZh, … 

•  Cover regions of phasespace not excluded by 
indirect constraints 
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CMS-FTR-13-024 



Conclusions in 2014 
•  After h(125) discovery 

Ø Now entering domain of precision physics 
Ø No deviation from SM expectations 

Ø Indirect constraints of BSM phase space 
•  Variety of direct searches being conducted 

Ø Rare decays, invisible decays,  
2HDM, (N)MSSM, etc.. 

•  Plan: further extend scope  
of direct BSM searches in scalar sector 
Ø Probe uncovered phasespace 
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Hierarchy sketches 

1. Usual hierarchy 

•  Example: MSSM 
•  SM-like Higgs boson lightest 

Ø Heavy susy Higgses 

•  Ongoing CMS search for AàZh 
Ø  Final state: AàZ(ll)h(bb)  

with 125 GeV hàbb 

57 

2. Alternative: inverted hierarchy 
•  From “A Twisted Custodial Symmetry  

in the Two-Higgs-Doublet Model” 
Ø  http://arxiv.org/abs/hep-ph/0703051  

•  Light pseudoscalar A 
Ø MA: few GeV (NMSSM) or more 
Ø Possibility: HàZA 
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MA (GeV) 

MH (GeV) 

AàZh 

“general 
2HDM” 

“MSSM” 

iM2HDM 
boosted 

iM2HDM 
non-
boosted 

125 

125 1000 

300 

i2HDM constraints: 
1.  MH > 300 GeV 

Ø  MH~MH± 
Ø  H± limits 

2.  MA > 95 GeV 
Ø  MSSM-like 
Ø  Avoid in iM2HDM 

Practical constraints: 
•  MA > 10 GeV  

•  Aà2b, Aà2τ 

•  Red analyses  
already in CMS 

0 



Recent constraints 
•  Examples. NB: these papers use the  

MSSM-like constraint from LEP 
Ø MA > 95 GeV 

•  Even then still much room remaining 
Ø  Also with inverted hierarchy 
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Top plot (tanβ=1) favors 
Ø Heavy MH (~400 GeV) 
Ø Lighter MA  (95-400 GeV) 



Limits & couplings 
• Recent limits • BRs 
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This plot (tanβ=1) favors 
Ø Heavy MH (~400 GeV) 
Ø Lighter MA  (95-400 GeV) 

If MA small à dominant decays: 
Ø Aàbb 

Ø Aàττ 
Ø  HàZ(ll)A(bb) and HàZ(ll)A(ττ) 



HEAVY H 
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HàVV 
•  HàZZ (4 channels) 

Ø 4l, llqq, llvv, qqvv 
•  Discrimination 

Ø 4-object mass 
Ø MT (neutrinos) 

•  Interpretation: 2HDM 
Ø Narrow width 
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•  HàWW: (2 channels) 
Ø lvqq, lvlv 

•  Discrimination 
Ø Mass definition 

•  Limits 
Ø Narrow width 
Ø SM-like width 

ATLAS-HIGG-2013-19 
ATLAS-HIGG-2013-20 



Hàγγ 
•  Interpretations 
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http://arxiv.org/pdf/1506.02301v1.pdf 



2HDM 
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H±àW±Z 
•  Loop vs tree 

Ø Higgs Triplet: tree level 
Ø 2HDM: loop level 

•  H± reconstructed: Mllqq 
Ø  Initial state: VBF 
Ø Final state: Wàqq, Zàee,µµ 
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PRL114(2015)231801 
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Other combination 
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HàINV 
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Hàinv 
CMS hadronic limit 
•  BR(Hàinv) < 

53% (62%) 
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Monojet [CMS PAS EXO-12-055] 

•  Mono-V/j : BRHàinv < 53% (62%) 
1.  Include Vàhadronic final state 
2.  MET shape  
3.  Use γ+jet 



Hàγ+inv 
VBF production 
 
 

•  Trigger 
Ø ET(γ) > 40 GeV 
Ø MET > 60 GeV 

•  Model-specific results 
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ATLAS-CONF-2015-001 



Hàγ+inv 
•  ggH & VH production 

•  CMS ‘data parking’ 
Ø ET(γ) > 30 GeV 
Ø MET > 25 GeV 

•  Model-independent results 
•  Model-specific 
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DETECTORS & 
UPGRADE 
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Detector upgrades 
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BSM Scalar Searches  
at the LHC  
“Searches for new processes in the sector of EWSB” 
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