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Introduction

* The discovery of the SM Higgs boson is not the only part of the Higgs physics
program at the LHC experiments

® as the SM is known not to be complete Type-Il (MSSM)
u u - (u,c,t)
* Many BSM theories with extended Higgs sector d - (d,s,b)
® e.g.2HDM and Higgs Triplet Model d b . (e,p,7)
up vs.down

* Minimal Supersymmetric Standard Model (MSSM)
H*, H, A (CP-odd), H and h (CP-even)

® Ma and tanf are two free parameters at tree level

® mpM°9* scenario is a modification of my™>** to have my = 125 + 3* GeV

© hMSSM scenario trades the value my = |25 against radiative corrections

* Higgs Triplet Model extends the SM with a scalar triplet (® = ®**, O*, )

® allows fermiophobic Higgs boson, introduces neutrino masses etc.

* theoretical uncertainty
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CMS PAS HIG-16-007

Run-1 Recap

* Searches for the Higgs sector of the MSSM performed during the LHC Run-| data

* 95% CL exclusion contours in the MSSM my™m°d* and hMSSM scenarios

10
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CMS PAS HIG-16-037

Neutral MSSM H— 11

* Combined 4 most sensitive channels : e, eth, pLth, Thth (Th = hadronic tau)

* 2 categorization for two production modes

gluon fusion : no b-tag b association : b-tag
g . b b q)
| »nHA
g | b
] 1w, 10 betag 12.9 b (13 TeV)
enhanced at low tanf enhanced at high tanf %,3000- CMS P—
(\D i / H I:IZ—>‘E‘C
= : Preliminary ] 2
. _§ — - Electroweak
* Dominant backgrounds > Jaco
gzooo— I
o Background uncertaint
o Z—1t, Z— 1, WHjets, QCD and ttbar o g y
1000-
* TJotal transverse mass for signal extraction (new!) j
— — — 0
mtrI(‘)t — \/mT (Errrmss’ 7_1v1s)2 + m (ErrI‘mss’ Tgls)Q + m (Tfls, Tgls)Q L%— 1.5
5 1
S 05
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CMS PAS HIG-16-037

Neutral MSSM H— 11

* Systematic uncertainties

e normalization : e/p—1n fake rate, ID/Isolation/trigger efficiencies, jet energy scale

o shape :lepton energy scale, high pt tau ID efficiency, jet—1h fake rate in W+jets

* Model-independent upper limits on oxB at 95% CL

10%FT
- CMS

" Preliminary
10%

10

95% CL limit on o(gge)-B(¢p—rt)(pb)

Ut +eT AT T e

gluon fusion
~0.008—-30pb

12.9 fb' (13 TeV)
T | T

h h'h

—e— Observed - CMS

— Expected ] " Preliminary
[ +10 Expected _ 10°

[ ]+20 Expected : -

10f

95% CL limit on o(bbd)-B(¢p—1t)(pb)

102

ELTh-FeI LA

12.9 b (13 TeV)
T | T I:

—e— Observed
— Expected
[ ] 10 Expected 7
[ ] 20 Expected

b association
~0.006—15pb

10° 102
m, (GeV)

10°
m, (GeV)

no excess of signal is observed in mass range of m¢ = 90GeV — 3.2TeV
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CMS PAS HIG-16-037

Neutral MSSM H— 11

* Interpretation in MSSM benchmark scenarios : my™°4* and hMSSM

* Exclusion upper limits at 95% CL in the ma-tanf plane

12.9 b7 (13 TeV) 12.9 b7 (13 TeV)
95% CL Excluded: 95% CL Excluded:
C M S [_] Observed [ = 1o Expected C M S
.. ] mYSSM . 125 3 GeV --- - Expeoted .. [ ]Observed I = 1o Expected
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& 60 T | I1I‘ Id T | T T T | i T T T T T T | T T T | T U T & 60 _I | T T T | T T T | T I. T | T T T | T T T | T T T
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CMS PAS HIG-16-031

Charged MSSM H*—=1*v

* Search for a charged Higgs boson in the fully hadronic tau channel (tn)

® neutrinos only originate from H™ decay, thus mt can be reconstructed

CMS Preliminary 12.9fb" (13 TeV)

© 10°F eDad T T T TTTTTTTTTTTL]

S | Shists w{data) ]

~ 4l =§It\(+jets ]

») 10" e mmSingle top quark —

T mbboton f

G>J - 0 B, stat@syst ]

T 1 03 ?‘/{i‘/ g. stat.®syst. » _§

- o ]

) 102:_ <X KX, s _:

* Main backgrounds :
® Fake tau (QCD multi-jet) : data-driven method 10 .

® Genuine tau (EW+ttbar processes) : from MC 1

e 1078 E

* Angular cut to exploit differences between 2 522::@“ E

multi-jet background and signal < +—

= 08f =

i : O 06F .

min __ : mi *\2 _ miss))2 Bl e T T T S S ]

fop” = ain, VA(ER™, )2 + (n — Ao(n,, BF=)) 0 50 100 150 200 _ 250

Rmin (O)

bb
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CMS PAS HIG-16-031

Charged MSSM H*—=1*v

* Signal extraction from transverse mass of hadronic tau and missing Et
mi =2-pit |E5Pniss‘ (1 — cos Ap(ERss 1))
* Model-independent upper limits at 95% CL on B(t—=H*b)xB(H*— tv) for low mass

and oxB for high mass

0.07 CMS Preliminary 12.9fb" (13 TeV) 10 CMS Preliminary 12.9fb" (13 TeV)
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T 0.068 7, +jets final state ] ~ B 7, +jets final state ]
m)i T -&- Observed i ‘T% -~ Observed -
e - &= Expected median = 1o . b 1 =5 Expected median = 1o |
% 0.05~ Expected median + 20  — ) SRR Expected median = 20 .
— L i X B _
@ r - T -
c 0.04 ] o i ]
°© E . S 10" =
= : - . i
_ ] = . .
O 0.02 — = 2L 3
- ) -
& 0.0 1 S ¢ (MH>me-mp)
i (®)) _

||||||||||||||||||||||||||||||||| _3 | | | | ||||
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m, (GeV) m.;- (GeV)
no excess of signal is observed in mass range of m(H") = 80GeV — 3TeV
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CMS PAS HIG-16-031

Charged MSSM H*— 1%y

% Interpretation in the context of MSSM my™°%* benchmark scenario

* Exclusion upper limits at 95% CL in the m(H")-tanf plane
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CMS Preliminary
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CMS-HIG-16-027 (arXiv:1705.02942)

Charged H*=W/Z

* In MSSM, couplings of H* to W/Z are suppressed

* Fermiophobic H* bosons appear in Higgs Triple Model

® couplings to W and Z bosons at tree level

® e.g. Georgi-Machacek (GM) model

* VBF production of H* and decays to WZ 12,9167 (13 ey

9 L L B I I
- -e- Data
© 2VBF jets (An; > 2.5,M; >500 GeV) € 6022 S O -
® > 3 leptons and missing Er >30 GeV —-;VZZ g;;f’gl‘;ﬁiiﬁeig;?f
40 |- 7
* Backgrounds i } 1
o WZ (80%),VVV, ZZ, Zy, Fake leptons o }\\\
* Signal extraction from transverse mass
o I | |
WZ) = v/(Ex(W) + ET(Z2))2 — (pt(W) + pT(Z))? 0 = kbl o ¢ 4 13 1

my [GeV]
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Charged H*=>WZ

* Combined 2015 and 2016 data
®© 13TeV, [Ldt=15.2 fb’!

* Model-independent limits on oxB at 95% CL

® assuming narrow width resonance
e m(H*) = 300 GeV - 2TeV

* Interpretation in the GM model

@ exclusion limits on sy as function of m(H?*)

2\/§'UX

(%

sg =sinfyg =

where vy and v are vevs of a complex triplet and
the Higgs field, respectively

Oyge * B(H— W*Z) [fb]

CMS-HIG-16-027 (arXiv:1705.02942)
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CMS PAS HIG-16-036

Doubly-Charged Higgs

*  The minimal Type-ll seesaw mechanism extends Higgs sectors with a scalar triplet (P)
© measuring BR would give access to neutrino parameters

® specific to the left-handed doubly-charged Higgs boson

* 3 leptons and 4 leptons final states
o ®P**(100%)—ee, ey, UM, €T, UT, TT

® select events with charges ++—, ——+, ++——

> 1ot Y pair production associated production

) E CMS 3

O = Preliminary . WZ . ZZ . VVV 3

- 1033 wWWwW Drell-Yan [tV 3

L tt Single Top. W . . . . . . . .

5 10 Equrqf  orewed 1 % Signal extraction using 5 discriminating variables

o 1ol (500 GeV) N

| ] ® St = scalar sum of lepton pr; difference between

ol E “best Z” and “PDG Z” mass; dR between same
o2 5 sign leptons; missing ET; same sign invariant mass
107°

o 15 N — § * Main uncertainties from background data-driven

0 bt

g 0'5 200 40 600 800 1000 1200 1400 160 methOd

e m.. (GeV)
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100% P**

100% o**

100% P**

CMS PAS HIG-16-036

Doubly-Charged Higgs boson

— eiei

— eiui

— Miui

100% ®** — e*t*

100% P**

— M‘—”ri

100% ®** — t*t*

Benchmark 1

Benchmark 2

Benchmark 3

Benchmark 4

6 July 2017

CMS Preiiminary 12.9 1" (13 TeV) * Lower bounds on ®** mass at 95% CL are
S o set for 6 channels assuming 100% branching
| .
D IR fractions
|
o AN |
N * Limits also set for 4 benchmarks targeting
! several neutrino mass hypotheses
NN I
' |§\\II \ |:| Observed exclusion 95% CL
| \\I ANNN Expected exclusion 95% CL
' RN
N | Associated Production
AN |
I \: Pair Productiol
N | . \: Combined
N : .
AN |
oy O Benchmark Point ee ey et  uy ut 1T
- NN BP1 0 001 0.01 030 0.38 0.30
g 0 BP2 /2 0 0 1/8 1/4 1/8
N BP3 /3 0 0 1/3 0 1/3
ST VT ITE TR PO IRV ST TR BP4 1/6 1/6 1/6 1/6 1/6 1/6

0 100 200 300 400 500 600 700 800 900 1000

®** Mass (GeV)

No evidence for a doubly-charged Higgs boson
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Summary

* The latest results using Run-2 LHC data on searches for BSM Higgs
bosons at CMS have been presented

® both neutral and charged Higgs bosons

* No evidence for any BSM Higgs bosons is observed

® sensitivity significantly increased after Run-|
* Many new results to come with full 2016 data (36 fb'') soon!

* Stay tuned!
® https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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ompact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 pym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobjum titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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6 July 2017

Luminosity 201 1-2016

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC

(o))
o

2010, 7 TeV, 45.0 pb !
2011, 7 TeV, 6.1 fb *
2012, 8 TeV, 23.3 b '
2015, 13 TeV, 4.2 b *
2016, 13 TeV, 40.8 fb *

9
o

N w £
o = (=)

=
o

ﬁ : 2x50
0 | |

Total Integrated Luminosity (fb ')

\ N o W R Q (o N e
A PP W AW AN YT (68T O N 0
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CMS PAS HIG-16-007

Run-| Indirect Searches

* Constraints on 2HDM (Type-l and Type-ll) in general
@ couplings of the SM Higgs boson (h or H%) put strong constraints on 2HDM

constraints on the couplings of the hto t©

CMS Preliminary <5.11f0" (7 TeV) +<19.7 " (8 TeV) [» CMS Preliminary <511 (7 ;e/v) +<19.71b"'(8TeV) >

% 10 o) % 10 - ‘ o)
S 110 & | 2HDMTypell | 110
51 51
4+ 4 ‘
3 8 3 g —8
2 2 ‘ 'g,o \
el
6 —6
1— 1— -8
051 4 051 ‘ O ’ 4
0.4+ 0.4+ e
0.3 0.3
- QObserved 95% CL 2 - QObserved 95% CL 2
021 2HDM Type I — Expected 95% CL 0.2 | — Expected 95% CL
---SM  mBest fit / [ --SM <kBest fit
> "olsllllo”"ols" ° > "olsl/"o""ols" °
cos(f-a) cos(f-a)

constraints on the couplings of the h to top quark
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CMS PAS HIG-16-007

Run-l Direct Searches

*x 95% CL exclusion contours in explicit 2HDM (Type-| and Type-ll) scenarios

CMS Preliminary <5.1fb" (7 TeV) +<19.7 fo' (8 TeV) CMS Preliminary <5.11fb" (7 TeV)+<19.7 b (8 TeV)
2HDM Type I, cos(p-a)=0.1, m, =mg=m,+ 100 GeV 2HDM Type Il, cos(p-a)=0.1, m, =mg=m,+ 100 GeV
= 19r | 2 -
8 8¢t [ ] Observed exclusion 95% CL - o [ Observed exclusion 95% CL |4
7r ~————— Expected exclusion 95% CL 7 — Expected exclusion 95% CL .
6F H— WW/ZZ (arXiv:1504.00936) |- I :|(12\5/3\3v(\/|7§25-(15->(<)'021)504 00036) ||
—> arxlv: .
5F ] AR/~ v (HIG-14-029) 1 [ AH/h—> tt (HIG-14-029) |
4l [ ] A->ZH—lht (arXiv:1603.02991) | | [ ] A—ZH—lhr (arXiv:1603.02991) |
[ ] A—ZH-lIbb (arXiv:1603.02991) [ ] A—=ZH—lIbb (arXiv:1603.02991)

3L Non-perturbative region i Non-perturbative region |
2 p - -

\\

N \

N
\gi\\\ =
1 P— ~\\ ~ — —]
% , \§\ _ _
oshidi il 1 NS\ L R,
200 300 400 500 300 400 500

m, [GeV] m, [GeV]
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CMS PAS TAU-16-002

Tau Reconstruction

* Leptonic decay — 35%: standard electron ID or Muon ID
* Hadronic decay — 65%: hadron-plus-strip(HPS) algorithm

< Decay Mode Resonance BIR]
. leptonic decays . e Vevry a
* Hadronic taus reconstructed from a | e 74
. . . 1 - prong decays f_ -Ol'_ "5 :((;:; ;.:
combination of charge hadron and strips | ==L e I
of cluster of e/y candidate 13- prongs decays| T~ T TITTvp  m0m) s
Other hadronic modes 1.7
‘ Al hadrome modes 648
* Tau mass reconstructed should be compatible
with tau decay mode ‘ Hadron + Strip =wwprrer—
single ‘““"‘",‘“"‘-
Hadron .,'
-,.
/ /
nt p* < n*n’ a,Inn'n
a, 2> n*nn® arn'nn

*x MVA-based discriminators against jet and electron, cut-based discriminator against

muon are used

* New feature:in run-2, strip size adjusted dynamically!

6 July 2017 C.Asawatangtrakuldee : EPS-HEP2017

20



CMS PAS HIG-16-037

MSSM H— 171 : Selection

UTy ety ThTh ey
Trigger 1(22) e(25) 7,(35) & 1(8) & e(23) or
(threshold in GeV) 7,,(35) 1(23) & e(12)

pr>23GeV, p;>26GeV, p>40GeV, pr>10(24) GeV,
Offline It < 2.1 n¢| < 2.1 ™| < 2.1 | < 2.4
selection pf' >30 GeV, p;' >30GeV, p; >40GeV, pT>13(24) GeV,

Iy < 2.3 ™| < 2.3 InTn| < 2.1 7€ < 2.5
Additional TD Medmm ID {\/IVA ID 80% : ﬁsfiﬁg ;B)%
solati e < 0.15 I < 0.1 MVA Tight e < 0.2
solation H , , , ko

MVA Medium MVA Medium MVA Tight ¥ <015

dhy < 0.045 dyy < 0.045 d" < 0.2 di‘y/ ¢ < 0.045
Impact parameter (cm) 4 < 0.2 ds < 0.2 dit < 0.2 di’® <02

d;" < 0.2 d;" < 0.2

No loose t"u~ No loose eTe™ -

pair with pair with
Lepton vetoes pl>15GeV  pS > 15 GeV

No additional loose e with pt > 10 GeV and || < 2.5
No additional loose u with pt > 10 GeV and || < 2.4

* Additional cuts

® to reduce WHjets, cut on mt < 40 (50) GeV for pth(eth)

e to reduce ttbar in ep, D¢ > -20 GeV where D¢ = P¢- .85 - Pevs

Pr=(Pr+Pr+7r) % and P = (Pr+Pr) - =,
2 2l
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CMS PAS HIG-16-037

MSSM H— 1t : Backgrounds

Z—>171*: Norm QCD**: Fully data-driven
and shape from HTh,eTh,ep: Norm from SS with other
MC, with data- 1 backgrounds subtracted, and OS/SS
driven .\ jmnobdag 1291 (13TeV) ratio applied, shape from SS
correction applied % - CMS ¢ Observation ThTh: Norm from OS region with

G3000¢ Prelimina ) z-w loosened isolation (SR excluded),

LN ry i .

Z | E Zup scale factor loose—>tight isolation

° ! Electroweak . . A

‘oﬁ' | ] oco (megsured in equivalent SS regions)

i applied.

2000} I

zZ . Background unetanty | ONAPE from OS region with

O ' loosened isolation
W+lJets™™:
HTh,eTh: Norm
from high mr

control region
shape from MC
ThTh,ed: Norm
and shape from

Z—>lI: Norm and shape from MC

MC
*Control regions included in fit for this background, :
affecting the post-fit normalisation of all channels ttbar: Norm and shape from MC, with
** Control regions included in fit for this background data-driven corrections
affecting the post-fit normalisation of the yTh, and er, channels only 10
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CMS PAS HIG-16-031

H*—1t*v : Selection

* Tau (hadronic) * Jets
® pt > 60 GeV (50 GeV for light mass search) ® pr > 30 GeV, |n| <4.7
® |n| <2l ® Loose Jet ID
® leadTrack pT > 30 GeV ® Jet Energy corrections
® decayMode: | prong o N=>3
® byLooseCombinedIsolation
® against electron * Lepton veto
® against muon ® u(e)
* MET © pt> 10 (15) GeV,[n| <25
© MET > 100 GeV (90 GeV for light mass search) © Loos§ (Veto) WP
® MET Filters ® |solation < 20 (|5) % PT
© PFMET
® Type-l Corrections — e
* B-jets S
© pt > 30 GeV,|n| <25 s
® Loose WP CSV 3 A N - =
© N> | osf /A E{%
bkl N
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CMS PAS HIG-16-036

Doubly-Charged Higgs

*  Analysis categories are separated by the number of taus associated to the P**
*  Background estimation is modified based on category
® all light leptons or categories with a real Z decaying to light leptons are estimated full from MC
© others are estimated with a combination of MC and data-driven via the fake efficiency method
*  Fake background estimation (non-prompt)
® tight-to-loose method
*  Background estimation in the final signal region is performed using an alpha sideband method
© Alpha and alpha prime defined as below and estimated with MC (+DD)
» Npre : preselection with the NOT (mass window OR other mass dependent selections) applied
» Nsg : with mass dependent selections and the NOT of the mass window
» Nsr : with the AND of the mass dependent selections and the mass window

© The contribution N**P is then estimated from data in the preselection

Nsgr , _ Nsp

n = % SB SR
Npre Npre
N"x}’ _ NDam 1 Pre
SR — &~ ( pre + )
Mass
exp , Data dependent
Ngg =a - (Nprc’ +1) selections

6 July 2017 C.Asawatangtrakuldee : EPS-HEP2017 24



CMS PAS HIG-16-036

Doubly-Charged Higgs boson

* Signal extraction using 5 discriminating variables

3 leptons
Variable ee, ey, u eT, Ut TT
St > 0.99 - mge++ —35GeV > 1.15 - mg++ +2GeV > 098 - mge++ +91GeV
|mg+g— - mz‘ > 10GeV > 20GeV > 25GeV
Efmiss - > 20GeV > 50 GeV
AR(£F0'F) - <32 < Mg+ /380 + 1.86 (mgp++ < 400)

< Me++ /750 + 2.37 (mg++ > 400)

Mass window | [0.9 - mg++,1.1 - mg++|GeV  [04 - mg++,1.1 - mge++ ] GeV 0.3 mp++,1.1 - mg++] GeV

4 leptons
Variable ee, ey, Uy eT, Ut TT
St > 1.23 - mg++ + 54 GeV > 0.88 - mg++ + 73 GeV > 0.46 - mg++ + 108 GeV
Mg+ p- — my| — > 10GeV > 25GeV
AR(£F0'F) - - < Mg+ /1400 + 2.43
Mass window | [0.9 - mg++,1.1-mgpr+|GeV  [04 - mgp++,1.1 - me++]GeV  [0.3- mg++,1.1- mgp++] GeV

* 4 benchmark points targeting several neutrino mass hypotheses
® BPI: tri-bi-maximal normal hierarchy
® BP2:tri-bi-maximal inverted hierarchy
© BP3:degenerate mass spectrum of 0.2 eV

© BP4: equal branching fractions
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