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Motivation

 Search for additional Higgs bosons

Additional Higgs doublet
* Two Higgs doublet
* MSSM

Higgs triplet
* Outline
MSSM searches
Double Higgs
Charged Higgs
Lepton flavor violating Higgs
Invisible Higgs
Heavy Higgs
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CMS-PAS-HIG-16-007

MSSM Run-1 Summary

* Parameterize search as a function of
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95% CL limit on o(ggd)B(dp—tTXpb)
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* Here ¢ = h/H/A 5
* Binned maximum likelihood fit using
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Double Higgs
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Non-resonant Double Higgs

trilinear coupling

k) = Apnn/ }\ili\{[h
SM =33.45fb

Non-resonant: Set limits on the ratio of
anomalous trilinear coupling to the SM

10°

10“

10“‘

95% CL on ox BR(hh— bbtr) [fb]

508 fb = ~200xSM

' CMS i
i pre.'.'mmary

L mlh\ LRAALL W

12.9 fo' (13 Tev)

bb pt_ + +bb et, +bb 11,
Combmed channels

10°E
g h g oy h = :
, - | i —e— Observed {
‘ | i--o--- ExpectedCls N\ i /i T
h S 10 E i Expected + 16 bb TT
_____ £ Ky - Expected + 2¢
N : heory pred|c1|on
\ 1 . L L P L |
\ -
; . R T T 0 10 20 30
kJ\.
Category Observed Expected —-2¢ —1l¢ +lc +2¢
bb bb S [fb]
SM H(bb)H(bb) | 3880 3490 2140 2540 5350 8350 ~
166.7 fb = ~410xSM
3 8 80 fb — "'3 70 XS M CMS Preliminary _ 230" (13Tev) 5 CMS preliminary _ 230m" (13Tey)
800 e SM X ... Observed 85% upper]lrnn [T OO 107 X Observed 95% upperllmlt : sM : I
—— Expected 95% upper limit ; —— Expected 95% upper limit | :
- 1 \ﬁ 1 std. deviation : ﬁ 1 std. deviation | !
— _CMS Preliminary L=270f" (13 TeV) g : 2 std. deviation : ) . 7 25 deviation .
i: I SM Nonresonant HH .- Sbse;e:ggsx upperl!lmr = :— Theory (i, ky =K5", ¢z _C§M oy =cgM, ey =cit) | = 10 —— Theory (k. =5, ¢, =¢3] «:{j =cM, ey =cip)
F xpecte upper limi = 3 :
g 6or b b i Expected fimit + o = 300 b b VV: i = |
1 F Vv Expected limit + 26 z l L |
T 50 '8 i '8 10 - A
g- : T i | H T I i i I i i
=N = B I i = I
T [ = i i = i ' . i ' i |
A0 e | & T
F if 200 - EERREE S : g x X x_ E , I
F £ ; i g 10
30— i ‘ X ' |
F g I g : |
. 5 5 g .
20— 8 5 a0t pooie |
F £ 100 1 E : !
= = = : 1
o 2 ‘ S |
. H : | | gl ) :
0 High Medium Combined ‘ 1 _//
Purty Purty ok ‘ R RONNERR S : :
; ; ; 0t ; . ;
7 . 9 fb — ~90XS M 0.5 1 0 15 2.0 K 25 15 10 5 Q 5 10 % 15

N

W

\\ ll

(o)
i
o
(@\]
—i
| -
()
o)
=
(]
+—
o
(¢))
v

Devin Taylor




CMS-HIG-14-023

Run-l Charged nggs CIMS-PAS-HIG-16-030
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CMS-PAS-HIG-14-039

Doubly Charged Higg

* Addition of a Higgs triplet
One neutral, two singly charged, two
doubly charged Higgs
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CMS-PAS-HIG-16-005
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Higgs Invisible

* SM BR(H = inv.) ~1.2e-3
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VBF

Devin Taylor

* Dedicated VBF trigger

I|III|III|III

Combination of several
analysesin 7, 8, and 13 TeV
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High Mass H » WW W
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High Mass H — 7ZZ

» Search for high mass scalar resonance

in ZZ 41 final state

* Production is allowed to be ggH, VH,

VBF

Relative fraction of VBF parameterized
via f g and allowed to float
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Conclusion

* Many interesting BSM searches performed at CMS

Multitude of final states

Wide range of models and phase spaces tested

* 13TeV: 2.3 -12.9/fb

Better reach than 7/8 TeV in many scenarios

Much more data coming
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Run-1 2HDM Type |

* 2HDM Type |
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Systematics — (Non-)Resonant hh

bb bb

Source of Impact in LMR (%) Impact in MMR (%)
systematic uncertainty Signal Signal
Jet energy scale 1.2-42 05-28
Jet energy resolution 01-14 05-1.1
b-tagging scale factor 9.6-104 9.3-10.6
Trigger efficiency 10.2-20.9 52-10.3
Source Affects Exp. limit variation
Bkg norm. bkg 33.1%
Bkg shape bkg 29.4%
Luminosity sig <0.5%
QCD scale sig <0.5%
PDF unc. sig <0.5%

Pileup sig <0.5%
JER sig 2.2%
JES sig 20.7%
B-tagging eff. sig 5.2%
Trigger eff. sig 3.7%

bb yy

Sources of Systematical Uncertainties

Type | Value ‘

General uncertainties

Integrated luminosity

Normalization | 2.7%

Photon related uncertainties

Photon energy scale (Am(;%)) Shape | 1.0%
Photon energy resolution (%) Shape | 1.0%
Diphoton pre-selection (with trigger uncertainties) Normalization | 2.0%
Photon Identification Normalization | 1.0%
Jet related uncertainties
Jet energy scale ( Aﬁ%) ) Shape | 2.0%
Jet energy resolution (%?) Shape | 8.0%
Resonant specific uncertainties
Mass window selection (with jet selection uncertainty) Normalization | 5.0%
b tagging efficiency (Low Mass, high purity) Normalization | 2.5%
b tagging efficiency (Low Mass, medium purity) Normalization | 1.0%
b tagging efficiency (High Mass) Normalization | 1.0%
Nonresonant specific uncertainties
Jet Selection plus My > 350 GeV Normalization | 3.0%
b tagging efficiency (high purity) Normalization | 4.5%
b tagging efficiency (medium purity) Normalization | 1.0%
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Systematics — (Non-)Resonant hh

bb WW

Source Sig. (my = 400 GeV) Sig. (my = 650 GeV) Background Source Background yield variation SM signal yield variation 8
Trigger efficiency 5.1-6.0% 6.7 - 7.4% 4.5-5.3% Jet b-tagging 3.6% 3.5% o
Jet b-tagging 4.9 - 6.50/0 5.7- 7.30/0 5.1- 6.00/:3 Trigger efficiency 3.3% 4.0% N
Jet energy scale 1.6-3.0% 0.6 -3.9% 1.0-3.6% Luminasi 279 270 >
Jet energy resalution 0.5-4.1% 1.8-3.5% 0.1-2.4% uminosity e o I
Electon 1D & 15O 13-1.6% 13-1.7% 14-1.5% Jet energy scale L.7% 1.4% =
Muon ID & ISO 09-1.4% 1.0-1.1% 1.2-1.5% Muon ID 1.2% 1.2% ()
Pileup 0.4-1.8% 0.1-0.6% 0.5-2.2% Muon ISO 0.9% 0.7% Qo
Parton distributions 04 -0.5% 0.2-0.5% 0.5-0.6% Parton distributions 0.6% 0.2% E
QCD scale 0.3-0.4% 0.2-04% 0.8-2.4% Electron ID & ISO 0.5% 0.5% ()
Luminosity 2.7% Pileup 0.2% 0.2% B
Signal MC stat. 1_'4 “24% 09-32% . Jet energy resolution < 0.1% < 0.1% (]
Affecting only ti (87.0 - 95.3% of the total bkg.) - - (%]
tE cross section - - 6.5% Affecting only tt (90.7% of the total bkg.)
tt modeling - - 10% QCD scale 12.9% i
tt MC stat. - - 0.6-2.3% tt cross-section 5.2% (@)
Affecting only Drell-Yan (1.8 - 7.1% of the total bkg.) MC stat. < 0.1% S
Drell-Yan modeling - - 30% . B o, M
Droll-Yan MC stat. ) ] 4420 7% Affecting only Drell-Yan (6.0% of the total bkg.) —
QCD scale 15.2% c
Affecting only single top (2.5 - 4.6% of the total bkg.) Drell-Yan cross-section 4.9%, —
Single top modeling - - 20% o >
Single top MC stat. - - 6.6-24.4% MC stat. 4.5% 8
Affecting only other backgrounds (0.4 - 1.4% of the total bkg.) . Affelctmg only Single top (2.6% of the total bkg.)
Other backgrounds MC stat. - - 3.5-24.6% Single top cross-section 7.0%
MC stat. 0.7%
QCD scale 0.3%
b b T Affecting only SM signal
QCD scale 24.3%
Systematic value processes MC stat. <01%
luminosity 6.2% all but multijet, Z+jets
Jet energy scale 2-4% all
MC cross-section 1-10% backgrounds, not Z+jets, multijet
b-tag efficiency 2-6% all
lepton efficiency 2-6% all
Z+jets SF uncertainty | 1-10% Z+jets
T energy scale 3-10% all
scale unc. +4.3/ — 6% theory
PDF variation 3.1% theory




Systematics - H+ - WZ )

N\

(\o)
i
o
(@
D
©
o)
S
=
Source Signal WZ  VVV Zry Z7Z  Non-prompt §
Luminosity 2.7-6.2 — 27-62 27-62 27-6.2 —
Lepton efficiency 4.0 — 4.0 4.0 4.0 — S
Lepton momentum scale 1.0 1.0 1.0 1.0 1.0 — E
Jet momentum scale 2.0-5.0 8.0 6.0 30.0 13.0 — =
ET"*° resolution 5.0 1.7 1.0 — 7.0 — e
B-tagging 2.0 — 2.0 2.0 2.0 —
WZ normalization — 21-23 — — — —
Non-prompt normalization — — — — — 30-81

GM uncertainties 8 — — — _ _
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: A
Systematics - LFV H — ut tW
\2/
Systematic uncertainty H—ut, | H—= uty,
Muon trigger/ID/isolation 3% 3% =
Electron trigger /ID /isolation 3% — :
Hadronic 7 efficiency — 10% 9
b-tagging veto 3% - g
Z — 1T background 10%®5% | 10%D5% o
Z — uu,ee background 10%®5% | 10%$55% .
Misidentified y, e background 40%10% — >
Misidentitied 7, background — 30%®10% e
WW, ZZ background 10%®5% | 10%®5% 3
tt background 20%PB5% | 20%PB5%
W 4y background 10%®5% —
Single top production background 10% 10%
Jet energy scale 3-20% 3-20%
Hadronic T energy scale — 3%
Misidentified lepton shape +o +o
Theory uncertainty 10% 10%
Luminosity 2.7% 2.7%




Sy

st. — Higgs

Systematic uncertainty Impact
Common
VBF W to Z ratio in QCD produced V+ets 13%
W to Z ratio in EW produced V+jets 6.3%
Jet energy scale+resolution 6.0%
QCD multijet normalisation 4.3%
PU mis-modelling 4.2%
Lepton efficiencies 2.5%
Luminosity 2.2%
Signal specific
ggH acceptance 3.8%
QCD scale + PDF (qqH) 1.8%
QCD scale + PDF (ggH) < 0.2%
Total statistical only —27/ 4+ 28%
Total uncertainty —33/ + 32%
Systematic uncertainty Impact
Common
VJJ T+Hets/Z(vv)+jets ratio theory 32%
W (lv)+jets/ Z(vv)+ets ratio theory 21%
Jet energy scale+resolution 12%
V-tagging efficiency 12%
Lepton veto efficiency 13%
Electron efficiency 13%
Muon efficiency 8.6%
b jet tag efficiency 5.7%
Photon efficiency 3.1%
ETs® scale 4.6%
Top quark background normalisation 6.0%
Diboson background normalisation < 1%
Luminosity < 1%
Signal specific
ggH pr-spectrum 12%
QCD scale + PDF (ggH) 3.0%
QCD scale + PDF (VH) 1.4%
Total statistical only —46/ + 50%
Total uncertainty —69/ +74%

Invisible

ZIl

ggH

Systematic uncertainty

Impact

Common

77 background theory 16%
luminosity 8.4%
b jet tag efficiency 6.2%
Electron efficiency 6.2%
Muon efficiency 6.2%
Electron energy scale 3.2%
Muon momentum scale 3.2%
Jet energy scale 2.2%
Diboson normalisation 5.3%
ey region extrapolation 4.0%
Z(I'"1" )normalisation 4.8%
Signal specific

QCD scale + PDF (qqZH) 7.4%
QCD scale + PDF (ggZH) 4.0%
Total statistical only —50/ + 56%
Total uncertainty —55/ +62%
Systematic uncertainty Impact
Common

Muon efficiency 24%
Electron efficiency 22%
Lepton veto efficiency 16%
b jet tag efficiency 3.2%
W (lv)+jets/ Z(vv)+ets ratio theory 16%
Y+Hets/Z{vv)+jets ratio theory 5.8%
Jet energy scale+resolution 10%
EMiss scale 1.8%
Luminosity 3.0%
Diboson background normalisation 2.7%
Top quark background normalisation < 1%
Signal specific

ggH pr-spectrum 15%
QCD scale + PDF (ggH) 5.8%
Total statistical only —22/ 4 25%
Total uncertainty —55/ +62%
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