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The discovery of a new boson compatible to the SM Higgs is just the start of the
story:

* the detailed structure of the Higgs sector is still unclear
* the SM cannot be a final theory

Several searches for additional Higgs bosons have been carried out Beyond the SM
(2HDM, MSSM, triplets, Dark SUSY) might hold the answer:

 Indirect searches: measurement of a possible deviation of the SM Higgs
couplings (ttH, non-resonant Higgs pair production)
* Direct searches for BSM Higgs like particles:
* Charged and further Neutral Higgs bosons
 Resonant Higgs pair production
* Diboson resonances (WW, ZZ, Zh) from Higgs decays
* Light neutral Higgs



 Summary of results using the Run | data
* Interpreted in the context of 2HDM
* Interpreted in the context of the MSSM

* New results using Run Il 13 TeV data:
* |ndirect searches
 Direct searches

Conclusions



2HiggsDoubletModel(2HDM)

Results of Runl have been summarized in the form of exclusion contours for 4
benchmark scenarios, that commonly have:

in addition to the SM Higgs scalar doublet, a second one, giving rise to five physical

states:

e 2 CP-even h(light), H(heavy)
e 1CP-odd A Ratio of vacuum

e 2 charged H*, H- expectation values of

Soft
Z,-breaking
mass parameter

the Higgs doublets

7 free parameters: masses of bosons, tanp, cos(a-B) and m,,

Type-I: Type-ll:
Both the Higgs doublets couple to the One Higgs doublet couples exclusively
fermions. to Down-type fermions, an the other to

the Up-type fermions.



2HiggsDoubletModel(2HDM)

Results of Runl have been summarized in the form of exclusion contours for 4
benchmark scenarios, that commonly have:

in addition to the SM Higgs scalar doublet, a second one, giving rise to five physical
states:

e 2 CP-even h(light), H(heavy)
e 1CP-odd A Ratio of vacuum

e 2 charged H*, H- expectation values of

the Higgs doublets

2 free parameters: mass of boson A , tanf

MSSM.:
Is a kind of Type Il model where the relations between the Higgs bosons and the
mixing angle a are fixed.



CMS

Run | Results:
19.7 fb1 at 8 TeV
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General constraints on 2HDM from indirect searches
obtained interpreting the observed Higgs boson as h boson

10CMS Preliminary <51 0" (7 TeV) + £19.7 fb" (8 TeV) 0 CMS Preliminary <5.1 " (7 TeV) + <19.7fb" (8 TeV)
. e

2HDM ¥E Il

—— Observed 95% CL

—— Expected 95% CL : . —— Expected 95% CL
---SM  #Best fit ---SM  «mBest fit

The measured Higgs coupling set strong constraints on cos(a-f)
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Constraints on 2HDM

Both scenarios have been chosen with:

* cos(a-f)=0.1:
 SM Higgs properties are manifested
* masses of H and A are degenerate

CMS Preliminary <51 1" (7 TeV) + <19.7 fb" (8 TeV)
2HDM Type |, cos{B-a)=0.1, m, =M. =my+ 100 GeV

[ Observed exclusion 95% CL
mw= Expected exclusion 95% CL
H— WW/ZZ (arXiv:1504.00936)
[ | A/H/h— 1t (HIG-14-029)
[ ] AsZH-slltt (arXivi1603.02991)
[ 1 A-ZH-llbb (arXiv:1603.02991)
Non-perturbative region

r W A A A A

~f Dizn |
y Vi iwuii i

from direct searches

* my<=my, =my,+100 GeV:
* to allow the A>ZH process

CMS Preliminary <5117 (7 TeV) +<19.7 b (8 TeV)

2HDM Type Il, cos(B-a)=0.1, m, =M =my+ 100 GeV

[ Observed exclusion 95% CL
=== Expected exclusion 95% CL
h(125) (HIG-15-002)
H— WW/ZZ (arXiv:1504.00936)
[ ] A/H/h— tt (HIG-14-029)
[ ] A->ZH-slrt (arXivi1603.02991)
[ A—ZH-slibb (arXiv:1603.02991)
Non-perturbative region
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Constraints on 2HDM from direct searches

Both scenarios have been chosen with:

* cos(a-f)=0.1: * m,<=m,, =m,+ 100 GeV:
« SM Higgs properties are manifested * to allow the A>ZH process
* masses of H and A are degenerate

CMS Preliminary <51 1" (7 TeV) + <19.7 fb" (8 TeV) CMS Preliminary <5117 (7 TeV) +<19.7 b (8 TeV)
2HDM Type |, cos{B-a)=0.1, m, =mg=m,+ 100 GeV 2HDM Type Il, cos(B-a)=0.1, m, =M =m,+ 100 GeV

[ Observed exclusion 95% CL N s - [ Observed exclusion 95% CL
s Expected exclusion 95% CL . ~ === Expected exclusion 95% CL
H—s> WW/ZZ (arXiv:1504.00936) (— :“23\,(\;"2';5')8021)504 00836)
— (arXiv: .
[ AN v (HIG-14-029) ] AH/h= 1t (HIG-14-029)
[ A-ZH-slin (arXivi1603.02991) T A-ZH-slkt (arXiv:1603.02991)
[ ] A—ZH-libb (arXiv:1603.02991) [ A-ZH-libb (arXivi1603.02991)
Non-perturbative region Non-perturbative region

More

sensitive in
Typell
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Constraints on 2HDM from direct searches

Both scenarios have been chosen with:

* cos(a-f)=0.1: * m,<=m,, =m,+ 100 GeV:
« SM Higgs properties are manifested * to allow the A>ZH process
* masses of H and A are degenerate

CMS Preliminary <51 1" (7 TeV) + <19.7 fb" (8 TeV) CMS Preliminary <5117 (7 TeV) +<19.7 b (8 TeV)
2HDM Type |, cos{B-a)=0.1, m, =mg=m,+ 100 GeV 2HDM Type Il, cos(B-a)=0.1, m, =M =m,+ 100 GeV

[ Observed exclusion 95% CL N s - [ Observed exclusion 95% CL
s Expected exclusion 95% CL . ~ === Expected exclusion 95% CL
H—s> WW/ZZ (arXiv:1504.00936) (— :“23\,(\;"2';5')8021)504 00836)
— (arXiv: .
[ AN v (HIG-14-029) ] AH/h= 1t (HIG-14-029)
[ A-ZH-slin (arXivi1603.02991) T A-ZH-slkt (arXiv:1603.02991)
[ ] A—ZH-libb (arXiv:1603.02991) [ A-ZH-libb (arXivi1603.02991)
Non-perturbative region Non-perturbative region

Lead by kinematics
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Constraints on 2HDM from direct searches

Both scenarios have been chosen with:

* cos(a-f)=0.1: * m,<=m,, =m,+ 100 GeV:
« SM Higgs properties are manifested * to allow the A>ZH process
* masses of H and A are degenerate

CMS Preliminary <51 1" (7 TeV) + <19.7 fb" (8 TeV) CMS Preliminary <5117 (7 TeV) +<19.7 b (8 TeV)
2HDM Type |, cos{B-a)=0.1, m, =mg=m,+ 100 GeV 2HDM Type Il, cos(B-a)=0.1, m, =M =m,+ 100 GeV

[ Observed exclusion 95% CL N s - [ Observed exclusion 95% CL
S Expected exclusion 95% CL 7~ s Expected exclusion 95% CL
H—s> WW/ZZ (arXiv:1504.00936) Bk (— :“23\,(\;"2';5')8021)504 00836)
— (arXiv: .
[ AN v (HIG-14-029) ] AH/h= 1t (HIG-14-029)
[ A-ZH-slin (arXivi1603.02991) T A-ZH-slkt (arXiv:1603.02991)
[ ] A-ZH-slibb (arXiv:1603.02991) [ AZHlibb (arXiv:1603.02991)
Non-perturbative region Non-perturbative region

Gluon fusion

B-associated
production
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Constraints on MSSM from direct searches

hMSSM scenario: m, = 125 GeV
Strictly valid for m, > 130 GeV, tanf3 < 10
Approximatively valid up to tanf3 = 60

m, m°%* scenario: m, < 125 + 3 GeV

/ m,=126 GeV
/

m,=125 GeV Model not strictly applicable
m,=124 GeV

=123 GeV
m,=122 GeV

I:I Observed exclusion 95% CL
Expected exclusion 95% CL

:I Observed exclusion 95% CL

#44L Expected exclusion 95% CL

[ ] H = v (@rXiv:1508.07774)
A/H — bb (arXiv:1506.08329)
A/H/h — up (arXiv:1508.01437)

A/H/N — 11 (HIG-14-029)

H — WW/ZZ (arXiv:1504.00936)

300

L ___, Model not strictly applicable
[ ] h(12s) (HIG-15-002)

A/H — bb (arXiv:1506.08329)
A/HM — pu (arXivi1508.01437)

AH/M = T (HIG-14-029)

|:| H — hh (bbtt) / A — Zh (Ik7)
{arXiv:1510.01181)
H — hh (bbyy) (HIG-13-032)

H— WW/ZZ (arXiv:1504.00936)

400 500 600 1000
m, [GeV]




CMS

Run Il Results:
12.9 fbl at 13 TeV
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Best significance w.r.t. bb channel (highest BR but very challenging QCD background) and
MK channel (the cleanest signature but the lowest BR ).

Production via gluon fusion and associated to b-quark

Enhanced at large tanf due to stronger coupling

Dominant at small and medium tan ) )
P between Higgs and down-type fermions
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Best significance w.r.t. bb channel (highest BR but very challenging QCD background) and
MK channel (the cleanest signature but the lowest BR ).

Production via gluon fusion and associated to b-quark

Enhanced at large tanf due to stronger coupling

Dominant at small and medium tan . )
P between Higgs and down-type fermions
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Best significance w.r.t. bb channel (highest BR but very challenging QCD background) and
MM channel (the cleanest signature but the lowest BR ).

Production via gluon fusion and associated to b-quark

Enhanced at large tanf due to stronger coupling

Dominant at small and medium tan ) )
P between Higgs and down-type fermions



AT Th & e
M/ /1L LU

Best significance w.r.t. bb channel (highest BR but very challenging QCD background) and
MK channel (the cleanest signature but the lowest BR ).

Production via gluon fusion and associated to b-quark

Enhanced at large tanf due to stronger coupling

Dominant at small and medium tan ) )
P between Higgs and down-type fermions

Categorization according to t decays:
* fully hadronic (t,t,)

* fully leptonic (ep)

* semileptonic (t,u and t,e)
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Limit on cross section X BR
using the narrow-width approximation
and no SM Higgs included as background

JAnrenTTe 129 fo (13 Tev) wireTatTien 129 fo (13 Tev)

CMS —e— Observed

" Preliminary — Expected
3 [ +1o Expected 7

[ ] +20 Expected

— I

= CMS —— Observed
[ Preliminary — Expected 7
[ +1o Expected |
[ ]+2c Expected ]
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95% CL limit on o(bbo)B(9—t)(pb)
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Exclusion limit for MSSM scenarios:
mh’“°"'+ hMSSM

12.9fb" (13 TeV) 129" (13 TeV)

C M S QSEOA]?)LbSE:r::ded: + 1o Expected C M S 95% CL Excluded:

.. I mSSM . 125 43 GeV ----E o .. [1Observed + 16 Expected
Preliminary e i Preliminary - Expected © + 20 Expected

| T T T I T T T T T T T T T T T T T 7| ‘ T T T ‘ T T T ‘ T I- T ‘ T T ‘ T T T ‘ T T T 1 T \:' T ‘ T T T
mir°®* scenario ] . hMSSM scenario '

T

.
N
N
8
N
N
N
]
=
N
7\

N
§
N
N
N
=

od v 0 L v b b b e by by g
200 400 600 800 1000 1200 1400 1600 1800
m, (GeV)

Excluded if h = SM Higgs
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Light-mass scenario Heavy-mass scenario: kinematic
m,, < m, - m, (=160 GeV) acceptance m, > m, (=180 GeV)

BR(H—>1v) increases with tanf
fully hadronic Tt decays have the advantage that all the neutrinos originate from
H decay (transverse mass can be reconstructed)

Events are selected containing a T, large missing energy and at least 3 jets
Events with back-to-back configuration between t and missing energy are
rejected

Main background comes from misidentified jets faking an hadronic t
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Model independent limits on:

BR(t2>H*b)xBR(H*2>1tV) o(H*)xBR(H*—>1V)

95% CL limit on B, ;1 xBy_,.,

CMS Preliminary 12.9fb™ (13 TeV) CMS Preliminary 12.9 b (13 TeV)
pp — tb)H, H" — v,

T, +jets final state

-&- Observed

B Expected median * 1o
Expected median + 2c

—_
o

t > HDb,H — 1*v,

1, +jets final state

- Observed

{251 Expected median + 1o
Expected median + 2c

—

1072

95% CL limit on 6,;:xB;_,., (Pb)
2

80 90 100 110 120 130 140 150 160
m, (GeV)
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Exclusion limit for m, ™°%+ scenario

CMS Preliminary 12.9fb" (13 TeV) CMS Preliminary 12.9 fb™ (13 TeV)

t > HDb,H — tv,
MSSM m[o%

7, +jets final state
—&- Observed

\:| Excluded

Expected median * 1o PP — t(.b)H H > v,
7, +jets final state

Expected median + 2c —=— Observed

L MSSM
m, # 12513 GeV \:I Excluded

MSSM m:“"’* Expected median * 1o

Expected median + 2c

— m}!S™ 2 12513 GeV

200 250 300 350 400 450 500
m,. (GeV)

Excluded if h = SM Higgs

22
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Higgs boson self-coupling can be measured in Higgs pair production processes: A, ;..

This is predicted by SM Leading Order processes in SM

BSM processes enhance the cross-section: * anomalous coupling to the heavy
quarks
* new particles entering in the loop
modification of the A,

The sensitivity achieved in Runll does not allow to measure the SM A, ,,, ,but BSM
models can be constrained.
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129fb1(13TeV)

cMs ~ bbyr_+bber, +bb T,
prel.rmmary Comblned channels

0 :!|.n.|.ml-h-nm-m;""""1""“‘""‘"‘“"“"""‘m '

10°

—o— Obser\:/ed

10 _ Expecied + 1o

Expected 20
Theory prediction

95% CL on ox BR(hh— bbrrt) [fb]

Limit is set assuming that only the trilinear coupling is modified and no other BSM
effects are present
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Model independent search for narrow resonance H decaying to 2 SM Higgs
Process predicted by some BSM extension of the Higgs sector

Significant BR (H=>hh) below the threshold for the decay to top-quark pair
Promising channel in the low tanp region (non observation of SUSY), where the
A/H natural width is smaller than the experimental resolution.

12.9 b7 (13 TeV)

cMS ~ bbyr +bber, +bbry,
pl’Fé) iminary . Combined channels

—
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_---6--- Expected CLs
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Model independent search for narrow resonance H decaying into 2 Z :

Semileptonic final state (2q2l) with Leptonic final state (41) with electrons or

electrons or muons and very high p; jets: muons:

* boosted topology (hadronisation of 2 * production by gluon fusion or Vector
quarks reconstructed as 1 jet) Boson Fusion (also VH is taken into

» resolved topology (fit of reconstructed Z) account)

* main background from Z+jets events * Some values of width I up to Mx have

e good sensitivity starting from high mass been tested

12.9 b7 (13 TeV)

CMS | 95% CL upper limits - spin 0

: = CMS Preliminary 12.8 fb' (13 TeV)

Exbecfed :Observed, 95% CL
=0 £ £ 1 std. —
===+ 2 std.

Expected
I + 1 std. deviation

] * 2 std. .deviatic:nn r=2GeV

r'=10 GeV
' =40 GeV

)
=3
T
N
N
/]\
>
T
Q.
o
]

06 08 1 12 14 16 18 2
m, [TeV]
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 BSM Higgs from Runl:
 Agreement between direct and indirect searches
e Several limits on new physics have been set
* Further than the 2HDM, a lot of searchers on exotic Higgs
production and decay modes have been performed

* Extensive program during Runll:
* No discovery, but several limits on new physics have been set
e Stringent limits are coming using the full 2016 data (35 fb™!)
 Much more is expected until the end of 2018



CMS

Back-up

28
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Typel: small values of tanB produce large deviations of the couplings Ku=Kd. The same is true for coupling
to the up-type fermions in Typell(dominated by the constraints on the couplings higgs-top and higgs-tau).

Table 2: Modifications of the couplings of the h to up- (x,), down-type (x;) fermions and vector
bosons (ky), with respect to the SM expectation, in 2HDM'’s model of fype-1 (second column)
and II (third column) and for the hMSSM (fourth column). The coupling modifications for the
hMSSM are completed by the expressions for s, and s; as given in Equation (4).
2HDM hMSSM
typel type II/MSSM

S4+Su tan p

Ky sin(f — «) sin(f — «) Jires

ku cos(a)/sin(B)  cos(a)/sin(B) S“%ﬁ

kg cos(a)/sin(B) —sin(a)/cos(B) szy/1+tan?pB

1 o — m% + m% tan B
a7 m% +m? tan? p —m2(1 +tan? )’

(m%+m3%)? tan? B
(m%+m?, tan® p—mi (1+tan® ))2




12.9fb™ (13 TeV)

CMS m, = 350 GeV

.. | | 68% CL
Preliminary ] o5t

+ Best fit

@  Expected for 125 GeV SM Higgs

0.02 004 006 008 01 0412 0.14 0.16 0.18 02 022

(99¢)-B(¢—17) (pb)




