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Did We Discover the Standard-Model Higgs?

10 197fb @8 Tev) + 51fb (7 Tev)

— £ 10
@ General indications of physics £ ggggﬂinm — opsenes 1=
beyond the Standard Model S Bk BRy, Loty
» Dark matter s *;’
» Fine-tuning problem 65 EG)
. . 5b e
@ Observed boson compatible with BSM d ? EDS
Standard-Model Higgs g e():Lays 13
@ But from couplings analysis: 2- ’ E
plenty of room for BSM - ]
Higgs decays! Ry S R R
assuming no tree-level modifications BRBSM
What are the properties of the new boson?
Are there any additional Higgs bosons?
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Examples of Models with Extended Higgs Sector

Supersymmetry
@ Well-motivated extension of Standard Model

v" Provides dark-matter candidates
v" Solves fine-tuning problem

@ Minimal supersymmetric extension (MSSM)

» 2 Higgs doublets — 5 physical bosons
h, H, A = ® (neutral)
H*, H™ (charged)

» 2 tree-level parameters ma and tan 3

> h usually identified with 125 GeV boson

@ Next-to-Minimal model (NMSSM)
> 2 doublets + 1 singlet = 7 physical bosons

Generic 2 Higgs-Doublet Models (2HDM)

o Effective extension of Standard Model

MSSM predicts
mp < 135 GeV!

@ Allows flavour-changing Yukawa couplings
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Examples of BSM-Higgs Searches at CMS

additional Higgs bosons non-SM decays

h— 2a — 4u
a1—>2M

® > 1t H —cs
® - bb H" —1tb invisible decays

MSSM

(I)—auu H* - tv

2HDM

H(125)-pair production
anomalous
HVV couplings

high-mass H — yy lepton-flavour

violating decays
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Examples of BSM-Higgs Searches at CMS
additional Higgs bosons non-SM decays

h— 2a — 4u
a1—>2pt

® @ obbiH b |invisible decays
g O — uu H - 'CV
 H(125)-pair production |
anomalous
HVV couplings
high-massH — yy lepton-flavour

violating decays
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submitted to JHEP (arXiv:1408.3316)
Search for a Heavy Neutral Higgs: & — 77

10° g g
g H — bb ¢ @ no b-tagged jet
L 1 9
107F *E
E H— 77 k|
L MSSM ]
< " tanp = 4
% 102? m"—v‘BR[(‘H -iou) 3
r ——— BR(H->bb) |7 H H
¥ e |1 > gg—fu.5|on production
r BR(H-> ) || » Dominant at small tan 3
10'3 E e BR(H -> WW) =
i / e > 1 b-tagged jets
i 1 9 b
o T R I B A B B 900000001
100 200 300 400 500 600
M, [GeV] A
9 b
Q0000000}————
® & — 77 channel
» Relatively large BR » Associated production
» Manageable backgrounds > Dominant at larger tan
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TG TR S )
Analysis Strategy

v
uT,

v
TT

h h _
Event selection

v @ 2 oppositely charged, isolated leptons

€T » dedicated 7, reconstruction
@ + channel-dependent selections
cC uu eu v » e.g. mr(p,Br) <30 GeV in um, to
v suppress W + jets background

5 of 6 77 decay-channels
(= 97%) covered

Search for peak in di-7 invariant mass distribution J
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FEEVANCTEING SRR E s submitted to JHEP (arXiv:1408.3316)

Di-7 Invariant Mass Reconstruction

CMS Simulation Vs = 8 TeV Ht,
. .. > r CJdz-1u
@ m;,, reconstruction from visible & 0250 A tm,=120Gev
=) [ | — A - TTm, =200 GeV
T decay products and #t £ . A - TUm, = 300 Gev
@ Based on maximum-likelihood E m,..(Z)-resolution ~ 20%

technique 015

0.

i

c W

N
%
o
o
ol
T

phasespace expected F
L R =2 s Pl Lsi 1
of 7 decay F+ resolution % 50 100 150 200 250 300 350 400 450
my [GeV]
Enhanced separation of signal and dominant Z — 77 background J
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Background Prediction

=
o
)

—e— Observed
Jz-u

D

[ Electroweak
Jqcp

Bkg. uncertainty
MSSM m" _ scenario

max

m,=160 GeV, tanp=8

dN/dm,, [1/GeV]

T _19.7 fb™ (8 TeV) + 4.9 fb™ (7 TeV)
T

Z — 77: embedding
technique

» Z — up events

> 1 replaced by simulated 7

decay products
B W+ jets

» From sideband of events

with large mt(p, #t)
QCD-multijets

Matthias Schroder (matthias.schroeder@desy.de)

» From rate of same-charge
1500 T-pair events
my, [GeV]

@ Background composition varies across channels

BSM-Higgs Searches at CMS, September 22, 2014 8 / 26


http://arxiv.org/abs/1408.3316

CEMVANETHEINGIECERCREEIEE N submitted to JHEP (arXiv:1408.3316)

Results: Di-7 Invariant Mass Distributions

no b-tag

b-tag

Matthias Schroder (matthias.schroeder@desy.de)
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All distributions well described by background-only hypothesis J
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Interpretation of ® — 77-Search Results

19.7 b (8 TeV) + 4.9 tb™ (7 TeV)
T 7

777, mpeoM F 12543 GeV

777

N

MSSM m;"™ scenario ]

CMS hHA-1
@ 60 T
% I [cLyMssM,sm)<0.05:
S L
50 [ |— Observed
I P Expected
:,; + 1o Expected
40
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10
[ /I////.////-//
200 400

(s e et i s
1 MR L1 M

600 800 1000
m, [GeV]

Limits in MSSM parameter space up to ma = 1 TeV
Excluding tan 8 2 5 at low mp
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Interpretation of ® — 77-Search Results

new approach
Testing MSSM vs Standard Model

h + H + A + bkg vs hsy + bkg

old approach
Testing MSSM vs background-only

h + H + A + bkg vs bkg

CMS hHA -1t 19.7 fb™ (8 Tev) + 4.9 b (7 Tev) CMS Preliminary, H-Tt, 4.9 fbat 7 TeV, 19.7 fb™ at 8 TeV
@ 60— T Q60T T T7T T T 71— A
S F [civssmsmoos /1 S 95% CL Excluded 1=z
e [ | " " ] = —— observed 10
50 Observe ] 50 [7| — expected 1o
) R Expected ] + 15 expected 1>
L + 10 Expected ] +20 expected 1n
40 I +20 Expected 1 B ep 1Z
: ; 10
30 B 30 1 Iz
X 1 lo
I g 4N
20 1 20 4=
r 125:3 Gev| ]
10 = 2 24 10 MSSM m™ scenario _:
; - IMSSM my [scenarlo h Mqysy = 1 TeV ]
e PR 1 PR P 11 1 1
200 400 600 800 1000 0 200 400 600 800 1000
m, [GeV] m, [GeV]
Latest results take 125 GeV boson explicitly into account J
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Interpretation of ® — 77-Search Results
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Interpretation in new benchmark scenarios
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T T
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10F

T
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J
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i (€ iR )
Search for a Heavy Neutral Higgs: & — bb

g9
\Q0000 o B(® — bb) typically large (< 90%) in MSSM
@ Search for peak in bb invariant-mass distribution
1 «©.100 CMS 2011, 7-4.8 b (s =7TeV
g \RQQQ0OA <

CMS 2011, L=4.0 fb'Ns=7 TeV

T LAARRE AR AR AL RRA Observed
L All-Hadronic Analysis |

[ i o Median expected
L Medium-Mass Scenario ]

14000F @ PNy = 981110

10 expected range [\

+ Data

Events / 20 GeV

12000 4 20 expected range [
5 B 200Gy | ]
r bbX.
10000F- [
5 . (o 1
80001 (o) H
C (Bb)b. ]
6000} } 5 BG Uncert.
4000 3 : )
£ ] 1 MSSM m™ scenario ]
20001 E EL]:\EP 1= -200 GeV
L ] C oo P T

| f L
2 100 150 200 250 300 350
50 100 150 200 250 300 350 400 450 500

_ M (Gev] M, [GeV]
@ Data-driven background model based on

precise understanding of b-jet tag efficiency and mis-tag rate

o

Best sensitivity in this channel to date )
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EEBIDL D
Search for a Light Charged Higgs: H" — ¢35

e In MSSM

» H" — 5 dominant decay mode for tan 3 < 1
» Production via t-quark decay for my+ < my

@ Event selection

v

> 4 central jets
> 2 jets b-tagged
=1 isolated u
Fr > 20 GeV

v vy

Search for peak in invariant mass M;; of non-b-tagged jets J
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Light Charged Higgs HT — 5 [EYENZNCIeRERkL

H™ Reconstruction

@ Primary background from tt . SMSSimulation, Vs=8Tev
events in semi-leptonic channel S014[ M,.=120Gev 3
» Peaks at /VIJ'J' = my Eo_u} {
E[ T ]
2 o1 _8 b
L _3 :
0.085 g H - ¢S -
L (0] 4
006~ O -
Foow 1
L — 4
0.04j -
@ Mj;; reconstruction using 002 .
constrained kinematic fit T ST IO PO T IO -
0

20 40 60 80 100 120 140 160 180 200
M;[GeV]

mb+q+4q)=m
mb+ p+HFr)=m;

o Improved mass resolution of H' candidate
» Good separation from SM tt decays
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EEBIDL D
H™ Signal Extraction

CMS Preliminary, [s=8Tev, 19.7fb"

@ Observed
M, = 120 GeV Ibiboson
o Wz
Br(t- H'b)=0.2 [ SingleTOP
gl o

Events

2500

2000 B
B Total Unc.

=e-H' L o8

@ Assuming Standard-Model
tt-production cross-section

1500

1000

@ In case of signal

» Excess at my+
» Deficit at my

[ . L
20 40 60 80 100 120 140 16D 180

Sl

0
M; (Ge
B No significant deviation from
2] o2 I )
Slo ol [ sassesasiteegstbiy SM-only hypothesis observed
g3 , b & & A Sediiefich e
a 0.

0 20 40 60 80 100 120 140 160 180 200
M; (GeV)

Ngata = [B(t — Wb) + B(t — H+b)] - O
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EEBIDL D
H™ Signal Extraction

CMS Preliminary, [s=8Tev, 19.7fb"

@ Observed
M, = 120 GeV Ibiboson
o Wz
Br(t- H'b)=0.2 [ SingleTOP
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=e-H' L o8

@ Assuming Standard-Model
tt-production cross-section

1500
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@ In case of signal

» Excess at my+
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EEBIDL D
H™ Signal Extraction

CMS Preliminary, [s=8Tev, 19.7fb"
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Light Charged Higgs HT — 5 [EYENZNCIeRERkL

Interpretation of H" — c5-Search Results
CMS Preliminary, 's= 8 TeV, 19.7 fb*

50.14— —
é r =@+ Observed D s ] B(H+ — CS) — 100%
o C —— Expected B
@012~ Hpecte BRH' - c§ =1 - assumed
2 r - Expected limit + 10 1+ jets final state 1
£ o I:lExpected limit+2 0 —
3 r ]
50.08— —
o r i
0.06]— J
0.04— ]
0.02- J
OkklkkkklkkkklAAAA}AAAA}AAAA}AAAA}AAAA}AA

90 100 110 120 130 140 150 160
m,. (GeV)

Model-independent upper limit of B(t — HTb) of 2-7%
for 90 < my+ < 160 GeV
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NEW Heavy H* — tb/r

K

CMS Preliminary, Vs=8 TeV, L = 19.7 fb*

T+ ' 1 rrrrrrrrrrrrr
—e— observed

-------- median expected

[ + 1o expected

[ ]+ 20 expected

N
o

™)) [pb]

+
-
=
[<2]

[N
N

mi°d* scenario, tanp=30

=
N

fraction of Bs as in MSSM

ox( B(H* - th)+B(H
=
o

@ Search for gg — HTtb
» HY = tb
» HY = 7ty

N A O

| T T T

o Event selection 200 300 400 500 600
> t — lept. final states M, [GeV]

» >1b jets and

Upper limit of o x B of 1 — 3 pb
for 180 < M+ < 600 GeV J
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Lepton-Flavour Violating Higgs-Decays @R 5 (€5 VR0

Lepton-Flavour Violating Higgs-Decays

CMS sin /e
SARRARRR \F A4
v AV

@ Possible e.g. in 2HDMs
@ This search:
H(125) — p7 in pre and p7, channels
» Oppositely charged isolated 1 and e

» Oppositely charged isolated p and 74
candidate

o x Br [pb] /0.7

05 1 1

" Ad(e, Tv)

CMS simulation preliminar s=8TeV

Search for pr-mass resonance

"
5
T

-

o x Br [pb] / 5 GeV

e
)

H— um |
e Additional A¢(e,Fr) and u-prt selection

@ Exclusive 0,1,2-jets categories to i’i

enhance different production modes SM H — 7,7,

N ]
pr(n) [GeV]
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Lepton-Flavour Violat BV CMS PAS HIG-14-005

Results of H — u7 Search
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Observation compatible with SM expectation in all channels )
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CMS prellmmary

EEBDLS
Interpretation of the H — p7-Search Results

197fb Vs =8TeV

HT o , 0 Jets

2.35% (exp.)
2.94% (obs.)

pt 1 Jet

had
2.10% (exp.)

2.11% (obs.)

\\\‘\\\‘\\\
® Observed

X Expected

[l ceoecicas 1o
[Jesweciess20

pt 2 Jets

had
1.95% (exp.) .

3.29% (obs.)
ut_, 0 Jets

e
1.32% (exp.) .'

2.04% (obs.)
pt , 1 Jet

e
o) B
2.38% (obs.)

pt , 2 Jets

E

3.84% (obs.)

h-pt
0.75% (exp.) I .
1.57% (obs.)

0 2 4 6 8 10
95% CL Limit on Br(h- prt), %

Upper limit of B(H — u7): 1.57% obs. vs 0.75% exp.
Best fit: B =0.897939% — mild excess of 2.5¢
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EEBDLS
Interpretation of the H — p7-Search Results

CMS preliminary 19.7 fb™, /s =8 TeV

1

10* : :
10* 10° 107 10" 1
v,
Upper limits of flavour-violating p7-Yukawa couplings
Best limits to-date, significant improvement on previous measurements
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Invisible Higgs Decays

Invisible Higgs Decays

@ Possible e.g. in SUSY or extra-dimensions models
» Final-state particle often dark-matter candidates

@ Direct searches in events where H recoils against something visible

% 10%E CMs —8— Observed
VBF m,, = 125 GeV,
s=8TeV,L=195fb" ~ B(H-in=100%
o ,
N VBF H(inv) [ viee
~ -
n - 1, tw, DY(l)+jets, VW
c
[}
>
w

150 200 250 300 350 400 450 500
E™ [GeV]
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T e
Invisible Higgs Decays

@ Possible e. g. in SUSY or extra-dimensions models
» Final-state particle often dark-matter candidates

@ Direct searches in events where H recoils against something visible

s 2r
o? [ CMS 95% CL limits
S ' combination of VBF and Observed limit
£ o ZH, H - invisible P
1 LOE EosTev(BReZH) Expected limit
C s= e + P
% L (2189107 b [ Expected I!mft (10)
X 3,0 Vs=7TeV (Z(I)H only) Expected limit (20)
© TFE L=491*
0,8;
0.6
0.4F
O'Zf_l | | ! | | 1
115‘ = ‘120‘ = ‘125‘ = ‘130‘ = ‘135‘ = ‘140‘ = ‘145
my [GeV]
B(H — invisible) < 58% obs. (44% exp.) for SM H(125) J
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T e
Invisible Higgs Decays

@ Possible e. g. in SUSY or extra-dimensions models
» Final-state particle often dark-matter candidates

@ Direct searches in events where H recoils against something visible
@ Dark-matter interpretation in Higgs-portal models

— 107 —— T T
Qo Combination of VBF and 3
X 2 10?2 ZH, H — invisible CMs ]
> 3 §=8.0TeV, L = 18.9-19.7 fb (VBF+ZH) 3
% 10 Vs=7.0TeV, L =4.9 b (ZH) B(H - inv) <0.51 @ 90% CL
b my, = 125 GeV. —-
c 3
--=- i) =
H 3 :
() E|
(73] 3
@ E
X —
5
X X - [0 cressTa
o = - XENON100(2012)
XENON10(z011) =
N == oAwALIERA E
; G 10U === Min g CoGeNTOLSO%CL |
i 5 g Lattice ] CoGeNTGO19j90%CL 5
< [ CDMS(2013)/95%CL 3
H g w2F e v o s ]
E — (90%CL 3
[T — L e 3
= ! ! N
3
P\ e 10 102 1
N N DM Mass M, [GeV]
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NEW Di-Higgs Resonance Search X — HH — (bb)(bb)

o Higgs pair-production rate small in Standard Model

@ Resonant pair-production e. g. in 2HDMs and extra-dimensions models

17.931b ™ (8 Tev)

----- Expected Limit CMS

4 [ | Expected + 10 Preliminary
Expected + 20

—e— Observed Limit

Radion I\R=1 Tev

95% CL limit on o(pp — X ~HH — bbbb) (fb)

kL = 35, BR(X - HH)=0.25, no R/H mixing

@ Peak-search in events
with 4 b-jets

@ Benefits from new,
highly-pure b-tagging

10

o b b b b b b b b
300 400 500 600 700 800 900 1000 1100
mx(GeV)

NS
SF

Limits of di-Higgs resonance production for masses of 270 — 1100 GeV J
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Summary & Outlook

Summary

o After the Higgs boson discovery

» Does it have the Standard-Model Higgs properties?
> Are there any further Higgs bosons?
@ Many new results targeting these questions, e. g.
Neutral heavy Higgs bosons & — 77
Charged Higgs bosons H™ — ¢35, tb
Lepton-flavour violating Higgs decays H — ur
Invisible Higgs decays
Di-Higgs resonance production

v

vV vy VvYy

Significantly improved constraints on ‘BSM-Higgs parameter space’
e. g. closing lower ma-region in MSSM J
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A new LHC-run at /s = 13 TeV Lies Ahead. ..

@ Greatly enhanced sensitivity especially for high-mass signals

@ CMS has developed the tools to explore this new territory

Many more exciting results expected )
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Additional Material

Examples of BSM-Higgs Searches at CMS
e MSSM

>

v vy

>

® — 77, submitted to JHEP (arXiv:1408.3316)

® — bb, Phys. Lett. B 722 (2013) 207

® — pp, CMS PAS HIG-12-011

Light HT — 8 and HT — 7+, CMS PAS HIG-13-035, CMS PAS
HIG-12-052

Heavy H" — tb and HT — 7%1,, CMS PAS HIG-13-026

e NMSSM

>

>

h — 2a; — 4u, CMS PAS HIG-13-010
a; — 2u, Phys. Rev. Lett. 109, 121801

@ Other

>

>

>

Lepton-flavour violating Higgs-decays, CMS PAS HIG-14-005

Invisible Higgs-decays, Euro. Phys. J. C 74 (2014) 2980

Resonant H(125)-pair production, CMS PAS HIG-14-013, HIG-13-032,
HIG-13-025

» High-mass H — ~+, CMS PAS HIG-14-006
» Anomalous HVV couplings, CMS PAS HIG-14-012, HIG-14-014
» Higgs properties, CMS PAS HIG-14-009
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http://cds.cern.ch/record/1728249

Neutral MSSM Higgs-Boson Masses in m'® Scenario

CMS-PAS-HIG-12-011
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The 125 GeV-Higgs-Observation and the MSSM

@ Updated benchmark scenario mhm"di: Smaller stop-mass mixing
parameter X; to account for measured Higgs mass

‘W
3

* LHCexdl
. LEPexcl

©  LHCexd
o LEPexcl

€€0L°COET:AIXIE [B 19 BuURIED) |\

€€0L°COETAIXIB |8 "33 BUBJIED
an|

200 400 800 1000 200 400 800

600 600
M, [GeV] M, [GeV]

@ 125 GeV-Higgs observation does not exclude a heavy MSSM
Higgs-boson in wide range of tan 8
@ Decoupling limit (ma >> myz): light CP-even Higgs becomes SM-like

Both SM and MSSM fit current H(125) measurements equally well )
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Additional Material

m.,. Reconstruction

hadron
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CMS, 19.7 fb”" at 8 TeV :
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® — 77: Contributions

CMS Preliminary, H-tt, 4.9 fbat 7 TeV, 19.7 fb™ at 8 Tev CMS Preliminary, H-tt, 4.9 fblat 7 TeV, 19.7 fb™ at 8 Tev
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H™ — ¢35: Control Distribution

CMSPrellmlnarv. \/5 8TeV, 197fbl

® Observed
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H — u7 Results

CMS prel|m|nary

Hr 0 Jets

2.35% (exp.)
2.94% (obs.)
urm, 1 Jet
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o — mild excess of 2.5¢0

Matthias Schréder (matthias.schroeder@desy.de)

BSM-Higgs Searches at CMS, September 22, 2014

34 /26



	Introduction
	Heavy Neutral Higgs to 2 Tau-Leptons
	submitted to JHEP (arXiv:1408.3316)

	Heavy Neutral Higgs to 2 b-Quarks
	Phys. Lett. B 722 (2013) 207

	Light Charged Higgs to cs
	CMS PAS HIG-13-035

	Heavy Charged H+
	CMS PAS HIG-13-026

	Lepton-Flavour Violating Higgs-Decays
	CMS PAS HIG-14-005

	Invisible Higgs Decays
	Euro. Phys. J. C 74 (2014) 2980

	Di-Higgs Resonance to 4b
	CMS PAS HIG-14-013

	Summary & Outlook
	Additional Material

