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Extension of the Higgs boson sector
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» Many BSM theories to solve several phenomena not explained by the SM

» e.g. 2HDM — the simplest extension of the SM Higgs sector CP-even
introducing another scalar doublet H/h

» Different types of 2HDM depending on how two Higgs doublets couple to Additional extension of 2HDM:
the SM particles 2HDM @

» 4 with natural flavour and CP conservation Comp\calar.
Higgs sector

» One (type-III) allows for FCNC: all the SM particles couple with both doublets o
mixing allows

Type-1 Type-1I (MSSM) || Lepton-specific ' decays to SM
D, ®; D ®; D,

all charged u de ud e
fermions c S, c,s U
t b b 1 , b, Allows for FCNC
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CMS BSM searches in this talk

» High mass bosons decaying to bosons: » 125 GeV boson decaying to low mass bosons:
» A—hZ—212]1, A=hZ—2b2], » h—aja;—4r,
» H—-ZA—llbb, > h%a1a1%2b2p

» H=-WW-—=Ivl’V’, lvqq

» Not covered by this talk as already presented
at Blois 2018:

» High mass bosons decaying to fermions:

> H—tt,
» High mass bosons:

» H—et, H—=prt
» h/H/A — 1T Other interesting

analyses available
on the CMS
> Low mass bosons: Higgs result

» Charged bosons:

- Htoth, > H/A —bb

» Ht—1tv,



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

ma<2m; and low tanp:

High mass boson: A— hys. A->hZ dominant

CMS-HIG-18-005
A= hsl = 272 cMS-PAS-HIG-18-023 A= hisl—= 2020 xi).1903.00941

» 3 final state: hi1a5—bb, Z—ee, pyp, vv, 3 categories:

» Two benchmark scenarios: low tanf3 and hMSSM . .
number of b-jets (targeting ggF and bbA)

» 8 possible final states: h125—=ThTh, TyTh, TeTh, TeTy,
/Z—ee,nu

> A reconstructed by invariant mass (Z—ee, pj1) or
transverse quantities (Z—vv)

> signal mass range 220<ma <400 GeV > Combined fit of CR and SR, separated for the 9
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https://arxiv.org/abs/1903.00941

CMS-PAS-HIG-18-012|
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» 95% CL limits for 2ZHDM benchmark:

» my=379 GeV and ma=172GeV
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https://cds.cern.ch/record/2675222

H—WW— WLV, vgg

» mass range: 200GeV < mH < 3 TeV
» ooF and VBF production modes

» signal - SM background interference considered

» 2 channels: di-leptonic, lepton+jets

> 6 categories for each channel:

» dilepton: flavour and production mode

CMS Simulation Preliminary

= gg—>X—2I2v, m =700 GeV
=== Interference X-H
== Interference X-B

—= Interference X-(B+H)

> lepton+jets: jets kinematics and production mode

» Fit to Mt or Mww distributions
» No evidence of excess at 95% CL

» Results interpreted in the context
of 2HDM type-I and type-II
(MSSM: mpmed+ and hMSSM)

» for compatibility with the
observed higgs cos(-a)=0.1

tanp

CMS-PAS-HIG-17-033
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https://cds.cern.ch/record/2668687

CMS

High mass boson: H/A — tt CMS-PAS-HIG-17-027
....................................................................................................................................................... CMS Profiminary 35,911 (13 ToV
: : : . 28] 95% CL limits
> 2 categories: single-lepton or diepton events Z .| Observed 95% expected
-é —— Expected 68% expected
» Analysis exploiting m and angular variable o % L T = Th  Twims = 5.0%
5 2.01
» Max likelihood fit to extract the yields in bins of m and angular S18
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1.2
» separate for single-electron, single muon categories, combined 1o
. 0.8]
dilepton category ] —

mH[GeV]
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https://cds.cern.ch/record/2668686

High mass boson LFV decays: H/A—eT, pt CMS-PAS-HIG-18-017

wt, 0 jet 35.9b1 (13 TeV)
» CMS has extended the search of LFV decay to high mass bosons S oboms Lo e
E .0 Preliminary E;idegme M, 0.01xxs(BSM)
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W 103 " o ggs — 450 0.023pb .
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. . e — distribution
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g I | i
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https://cds.cern.ch/record/2674882

o, B(H* — tb) (pb)

Charged boson: H+— th CMS-PAS-HIG-18-004 Charged boson: H+— 1+v,
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» dominant for my+ <m; —mj CMS-HIG-18-014
» mpy= range: 80 — 3000 GeV  arXiv:1903.04560

» Final states: tp+jets, [+1h, [+no 11

» search for H+ with mass 200 GeV < mpy.< 3 TeV

» 1 or 2 leptons in final state: e,1, ete, ptp-,e*p™

» categorisation for number of jet and b jets:
» 2 cat. exploiting helicity correlations from opposite

» 9 in single 1 n, 8 in dil n 5 S
J in single lepton, 8 in dilepto . polarization states of T from H and W decays
> simultaneous fit to the different categories - » Final discriminant is transverse mass
. . . . CMS 35.9 fb™! (13 TeV) CMS 35.9 fo' (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-004/
https://arxiv.org/abs/1903.04560

Low mass scalar: h— ajas
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2HDM+S model. S=SR+iSI. al pseudoscalar mostly SI

h— a1 — 2b2

» benchmark BR (h—aa)~10%

» 20 < my, < 62.5 GeV

» m(pp) final discriminant

» expected upper limits on BR improved of a factor 2 wrt Runl
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arXiv:1812.06359
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Well separated 7 32
same-sigh muons R

h—aja =4t (2u27)

) o 4 < ma < 1 5 Gev agl) Lorentz-boosted a; states

» complement of h—aja; in 2p2t, 212b, 41

» each a; identified by one muon and one nearby
charged particle (e, p or T one-prong)

35.9fb" (13 TeV)
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https://arxiv.org/abs/1812.06359
http://cds.cern.ch/record/2667402
https://link.springer.com/article/10.1007/JHEP11(2018)018
http://dx.doi.org/10.1016/j.physletb.2018.08.057

CMS
Summary Z

» Rich CMS program to search for new higgs-like bosons

» High mass scalars/pseudoscalars, charged bosons, low mass scalars
» covering almost all possible final states

» topologies with heavy objects (t or b quarks, t leptons) favoured

» No significant excess has been observed yet but BSM Higgs searches as powerful tool to test the
SM

» Many more analyses in both low and high-mass regions are still ongoing in CMS

» Looking forward to analyses of the full LHC Run-2 dataset with more than 150 fb-!

» CMS Higgs results: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

11
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Backup slides
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Constrains from SM Higgs boson measurements

» Searches for deviations from the SM in H(125) measurements set R o
constraints on 2HDM / MSSM scenarios T *
> Couplings, CP, spin M -

> translate 2HDM parameters to couplings and use 3D likelihood . -

-2 15 1 -05 0 05 1 15 2 25 3
Parameter value

scans of parameterizations in {Adu, Avu, Kuu} OF {Alq, Avg, Kqq}

0 CMS 35.9 fb™ (13 TeV) CMS 35.9 fb™ (13 TeV)
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Typel Type 1 Type 111 Type IV
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https://arxiv.org/abs/1809.10733

ma<2m; and low tanp:

High mass boson: A— hya5 — 212 A—hZ dominant CMS-PAS-HIG-18-023

—+4— Observed
[ ] Production of a 125 GeV h boson

[ ] zz— 4l (excl. h— 2Z — 4l)

» Two benchmark scenarios: low tanf3 and hMSSM

_ Uncertainty
AZh m, =300 GeV, cB =20 fb

> 8 possible final states: hi25—>ThTh, TyTh, TeTh, Te Ty, Z—>€€, 11

Events / 20 GeV

» Sensitivity increased thanks to the constraint to the SM Higgs mass

30% better!
CMS Runl limit:
tanB=2.7(2.4) at ma=300GeV

» Limits from 8 final state simultaneous fit to ma

Obs./BKg.

» 8 final states fitted separately
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1 C
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ma<2m, and low tanp: CMS-HIG-18-005
High mass boson: A— hy5— 2b2l o(A)>1pb and A—hZ dominant| gy Xjy:]1903.00941

Compact Muon Solenoid

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
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CMS-HIG-18-005
High mass boson: A— hyz5/— 2h2l arXiv:1903.00941

Compact Muon Solenoid
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High mass boson: H/A— 2

» three production modes: b associated pro

> three interpretations:

» MSSM context: mymod+ and hMSSM scenarios

» model independent

» event signature: 2 high pr muons

ductions and ggF

Limits reduced of ~50%
for ma=200GeV

Mass range extended up
to 600 GeV

> + b-jets for the b associated productions

» Limits extracted from the fit to the invariant mass spectrum

» separate fit for the two categories:

~10°
b-tag and no b-tag events g
5
» independent limit on oxBR R
" g
obtained assuming the o
. . 10
narrow-width or width equal 5
to 0.1mo ﬁ
10!

CMS Preliminary
- gluon fusion

- O — uu

35.9 fb” (13 TeV)

expected limit + 20

expected limit = 1lo

expected limit

—e— observed lii:i/////////

~——
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associated

¢ — uu
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expected limit

—e— observed limit
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https://cds.cern.ch/record/2667218

Charged boson: H+—th CMS-PAS-HIG-18-004

» search for H+ with mass 200 GeV < my+< 3 TeV p

» 2 W bosons: 1 or 2 leptons in final state

> e,p, e-l-e-, p+p-’eip$ P

» categorisation for number ijet and b jets: association with t and b: association with t: 5

. . 4 flavour scheme (4FS) flavour scheme (5FS)
> 9 categories for single

lep ton R CMS Preliminary 35.9 b1 (13 TeV) 50 CMS Preliminary 35.9 b1 (13 TeV) CMS Prefiminary 35.9 fb1 (13 TeV)
_8- I I I I H| I |b | I : % 50 i L-I..I--I_J. w =TT [ |H b I | III I Idl |d |I LI | T I_ % 50 I |--.|-‘ __I.--I" I | I | I I I | I I I | I ]
~ -t -— n “ — tb single and dilepton - 40 +
) M f § Single and dilepton 7 gg i MSSM M;25(§) scenario P | 30l
8 categories for Y 10 __ oS s
o upper limits o0k
d . 1 iII_/ 95% CL upper limits E 201 — Excluded ] H* — tb single and dilepton
oq —e— Observed J e Median expected MSSM m™" scenario
1 ep ton T N e Median expected . B I 68% expected B 10 % " —
© I 68% expected 10 - [ ]95% expected . B A
1E [] 95% expected 3 5 % 445 miSSM . 125 + 3 GeV - 5[ 95% CL upper limits
. - N — Excluded
) Slmultaneous ﬁt tO the o a- L Median expected
B ar ] 31 [ 68% expected
d . E . 1 3T 2+ [ ]95% expected
1IrTerent Categorles 107E A R~ S mifsN 125 = 3 GeV
C TN
® [ ] B =
» single lepton dominant el EREET .
» | | | | | | | | | . | | | | | | | | | | | | | | | | | | | | | | | |...I..
h v h 1 200 300 400 1000 2000 3000 0'gOO 300 400 500 600 700 800 900 1000 0':2300 400 600 800 1000 1200 1400
at 18 Mass values / m,, (GeV) m,,. (GeV) m,, (GeV)

model independent 5


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-004/

CMS-HIG-18-014
Charged boson: H+— 1+v, arXiv:1903.04560

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

. Ems 369" LEHLL) S c™ms 3591 (13Te
§ —qu—t DF:T<0.75 ----- H* (200 GeV, o = 50 pb)] é —¢l—t DF:I>0.75 ----- H* (200 GeV, o =50 pb):
4(2 104__ ---------- H* (2 TeV, o =1pb)[__] Jets misid. as < = _|<L) 104__ ---------- H* (2 TeV, o =1pb)[__] Jets misid. as < =
C - I tt B W+jets = c - I tt B W+jets =
Q [ B singet oz Q [ B singlet oz
L 10° - Diboson N\ Post-fit unc. - L 10° :_- Di boso-r'1 NN Post-fit un:c. -
102
ol
1
107 -
2 45E sE
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© 0.5F 5F
0 = , | E - 1
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fe
S °§ i » mpy=+ range: 80 — 3000 GeV - 0SS 36.91" (13 TeV)
+l|i - | § - 7
(N i > Final states: t,+jets, [+, [+n0 11 S0F
% E II-\I;I ;lzlvstates combined ] 40:_
g 107 - » 2 cat. exploiting helicity correlations from opposite E
I e o Y sof
- edian oxpciod polarization states of T from H and W decays : _——
10—2 = I 68% expected i o LL upper limits
= []95% expected 20~ E\ 2:;?12’:: B
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https://arxiv.org/abs/1903.04560

Charged boson: H+— W+A

CMS-HIG-18-020
arXi1v:1905.07453

» H+ from a top quark in top pairs events
» A—up, WW—lvqq

» 15 <ma <75 GeV

» ma+85GeV< myy < 160 GeV

» Signal estimated from event yield in my, in mass windows

18F + Data —Signal
m, =45 GeV
mH+ - 130 GeV

16 Bkgd. unc.

Events / GeV

14 - Nonprompt bkgd.
12:_ - Prompt/Conv. bkgd.

» Limits on BR(t—=bH™) from combined likelihood of yields from epp and ppp channels assuming

BR(H"’QWA) =1 and BR(AQ]J.]J) =3x10+4 cms 8597 (13TeV)
ol - 68% expected .

» B(t = bH*) > 2.9% is excluded at Taians oo oxpecied
95% CL in the whole mass range S e

= B(H - W'A)=1 E
~ B(A - up)=3x10" -

» observed upper limits varies
between 0.63% and 2.9%

©O O N W &+ 00 O N 00 ©
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95% CL upper limit on B(t — bH") (%)
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http://arxiv.org/abs/1905.07453

Low mass scalar: h— ajas

» a;—Dbb
> pros:
» Large BR

» COons:

» Hard to trigger

» Low identification efficiency
» High pr thresholds

> Large jet-backgrounds

> aj—>pp
> pros:
> Excellent mass resolution
» Easy to trigger

» Easy identification, with low pr

» Open for any m,>2m,

» Ccons:
» Low BR

)ale-[-[ — T T T r1rIr]
> pros: CMS
pro > Preliminary
» Large BR
> Possible to trigger on leptonic t decays
» cons: L S A \

» Low 1y, identification efficiency
> 11 high pr thresholds (> 20 GeV)

‘J h—aa searches

No prediction for B(a— XX)

h—aa—uyrr (HIG-15-011)

h—aa—uubb (HIG-14-041)

h—aa—ttce (JHEP 01 (2016) 079)

h—aa—trer (HIG-14-022)

2HDM+S type-2
h—aa—puuuu (PLB 752 (2016) 146)

tanf = 2.0
arXiv:1312.4992 —expected | observed
1 1 L_L_1 1 1 1 1 L1 1.1l IL 1 1

10° Ll
1 10
Highly Lorentz boosted resolved m, (GeV)
— -
a—pp
: gale'['[ Ealebb

Oy
With SM-like couplings:
BR (a—bb) ~9BR(a—77r) ~1700BR (a— upu)
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CMS-HIG-18-011

Low mass scalar: h—aja; — 2b2j1 arXiv:1812.06359
e 359fb(13w)
» 2HDM+S model. S=SR+iSI. al pseudoscalar mostly SI 8 o CMS backoromdony it
E 405_ + Data (combined) _i
> benChmark BR(h%aa) —~ 10% E, 352_ Best-fit bkg. model _i
L 302— 68% CL uncertainty ] _i
» 20 <m, < 62.5 GeV ][ ;
» SR: m(pp) = m(bb) = m, ] + H ;
» Categories defined according to b-tag WP (TT, TM, TL) SR
m,, (GeV)
o wonasren > M(pp) final discriminant s 25700
% - 95%CLup‘perIimits CMS % g_'-_'_'_—I o K 'E
- EQ”;Z'ZZSJQZ?“ » Signal selection optimised for 2u2b process, L rten o sagyero0 I
[ i 087% expected . . - - 95% CL on ~ x B(h—aa,) = 0.34 1 3
- but h — aa — 2p2t contributes if 1y & TR
< 60_ o o . _o 6:_\ /\ B
x| Model independent misidentified as b Jet AN ~~  /~7 A
° A BNV B TS 4 N L/
e EEEE—
Model dependent type-IIl 2ZHDM+S

including 2p2t signal from b-jets mis-id

2

0 30 40 50 6

m, (GeV)

0
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35.9 b (13 TeV)
I ' I ' I ' I '
CMS

Preliminary

-@- observed
— bkg(+unc.)

Low mass scalar: h—aja; —4t1, 22t CMS-PAS-HIG-18-006

1/N x dN/dm [GeV]

oL T . =00y

» 2HDM+S model. S=SR+1iSI. a; . e
doscalar mostlv SI st o O N :
seudosca . - :

p y \\N pr /et /hT ’
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ﬂF F /1, F 5 I —4 +

. s /et /h 8 1.0t

» complement of h—aja; in 2p2t, 212b, 4p o} oebeonstmes 0 b
0 2 4 6 8 10[Gl \}2

35.9 fb' (13 TeV)

» each a; identified by one muon and one

s 0.6—T—————
nearby charged particle (e, p or T one-prong) g 0sl _°,,pdd Prlminay
» targeting mainly ggF or ggF+ISR E; 04l p"p:byy -
» 2D search in (m(py, trk;), m(ua, trks)) plane % i /
S
» Improves Run 1 CMS limits of 30% (low & v ;
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https://link.springer.com/article/10.1007/JHEP11(2018)018
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CMS-HIG-18-003
Low mass scalar: h— aja; — 4 arXiv:1812.00380

CMS 35.9 fb™' (13 TeV)

» m, range: 0.25 + 8.5 GeV Lo |-

» Di-muons constructed from pairs of OS muons sharing a ¥ 035 o L upparint.
common vertex and m(up) < 9 GeV b 025 JLM K

> SR: m(pp)1 = m(pp)2

0.1 s

> O E | | | | | | | | | | | | | | | | |

|
o
L

0 2 4 6 8
CMS 35.9fb™ (13 TeV) m [Gev
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O A . CMS 35.9 fo' (13 TeV)
(D 8_ / / _ ( ) s, S e s s e e s s e e s e
o _E - > > 1 3 events 11 SR 241021 " NMSSM 95% CL upper limits: _
é 7: . 1020 - —-m, = 90 GeV .
A S : ~ m, =125 GeV i
- : . L e =150 GeV i
; s » expected from SM: | -0 ce -
5F 104% Reference model:
r 0] 10 — o(pp — h — 2a,) = 0.003 x o =
4F N
o
o
3 g
i

» No significant excess observed

|
—h
<

o

]

9.90 = 1.24 (stat) = 1.84 (syst) BRI
(I \ |
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simplified scenario
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