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Motivation

* A scalar particle was discovered in 2012. Since then, it was confirmed that

it is consistent with a SM Higgs boson

This discovery completes the SM, but many phenomena remain unexplained
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* With present constraints and measurements, 8f LHC Run 1
it is possible that 30% of the Higgs boson BR Tgasemw
goes to the decays to exotic particles |
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Exotic decays are predicted in many BSM models
including those with extended Higgs sector like
NMSSM
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* One of the most popular theories to explain
phenomena beyond SM is SUSY and its minimal version MSSM

However, there is no experimental evidence of SUSY, and the p-term in pH, Hy

still requires fine tuning
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* In NMSSM a singlet S is introduced and
the py-term from MSSM is replaced with

)\gﬁuﬁd 1
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Belongs to general

RHDM+S models
tan B=5, TYPE II

» The Higgs sector in NMSSM contains an
additional pseudoscalar (ai, az) and an 0.1
additional scalar (hi, hz, h3) compared to

the MSSM =
T 001
MSSM parameters: y, tanp, Ma 8
0.001;
NMSSM parameters: A, k, A,, Ag, TanP, Hess — dd
, Yy
- Light pseudoscalar is motivated by many . \ \k e
: — . 1 2 5 10 20 50
theories, and three distinct regions m [GeV]
define dominant decays Ma< 2Mc, 2M< Ma< 2Mp, Ma> 2Mp
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Im A 20.3 fb~Y Vs =8TeV 7

~ L N
4%
i N —aa — 4y « P,
+ Inclusive three photon search interpreted in h/H )
a -

NMSSM context for 10 < my < 62 GeV VM/\{/‘L

Y

Select three tight (eff~857%, rej~5000)
isolated (E1"° < 4 GeV) photons with
pt> 22,2217 GeV

-> Defined 160 cateqories based on
kinemakbics and Pass or Fail isolaktion
->» PPY: sighal regiown

-7 Any F: control region

Estimate background from MC and data

-» Fits performed to obtain sample

: : composition
Multi photon from MC with K factors P

obtained from higher order calculations > T T T T
S 14000\ 234 ATLA ]
§14oo® B Ze's (o1 S
Reducible background with jet(s) misidentified as o 1200f ) L e :
photon(s) obtained from data @ 1000f N |

‘é o Uncertainty, stat. + syst., signal region
2 z 5 = . - W 800 777 Uncertainty, stat., control regions E
Select pho’rgn—luke jet sample using "non-tight soofe | o E
photon candidates s ~ \S=8TeV, 20317

400 ... Inclusive

200 o R

Normalize it in the tail of E+*° (> 7 GeV) distribution

O"PPP PPF PFP FPP PFF FPF FFP FFF

FEur. Phys. J. C (2016) 76: 210 4 3y pass/fail isolation combination
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+ Limits on (0/0sn) x BR(h — aa) x BR(a — vv)?
are obtained for SM Higgs (m=125 GeV) and for
heavier scalars with h(H)->aa

h — aa — 4

» Search for excesses in diphoton invariant mass

> ppgf T T -
S 200 ATLAS -
o ]
5 180 " \s =8 TeV, 20.3 fb™ E
g 160 . Expected =
w 140 % % —— Data E
120 % % ------ m,, = 125 GeV, m_= 40 GeV
100 _ =
80 » h—aa—4y _f
60 {1 BR(h—aa)<BR(a—yy)? = 0.001 -

Z E

4o 2% E
20 ++=+=. + E

0 .....op-:."l.".-"l'...- e L LflfTM
Y S— S R R R R ]
P P Am M. .
5 231— L = -
N e[ P e S S N
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m,, [GeV]

FEur. CPﬁyS. 1. C (2016) 76: 210
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oxBR(H—aa)xBR(a—yY)? [pb]
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20.3 fb=1; /s =8 TeV

T L 1 4 1 4 | 1 1 1 1 ] | T L] L4 ]’ ' L 1 L ] 1 | || T I
. — Observed upper limit ATLAS .
3 Expected upper limit h — aa — 4y ;

1o .
i \s =8 TeV, 20.3 fb”
3 95% C.L. upper limits
- m,, resonance search -
L m,-dependent width
- mp — 125 GeV -
:Lxxxlxxxxl11111;411111111“
0 20 30 40 50 60
m, [GeV]
b‘YI" -‘YYYI'Y YTYYY]' YYIYY\"[ YYIYYYT YYI YY]“ I
- — Observed upper limit ATLAS
Expected upper limit H - aa — 4y
. ll+1c
[ )420 m,, = 600 GeV
: \s =8 TeV, 20.3 fb"
95% C.L. upper limits
m,, resonance search
m,-dependent width -

 mpyg = 600 GeV

20 40 60 80 100 120 140 160 180 200 220 240
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h — aa — UUTT

- Search for SM-like Higgs boson (125 GeV) decaying to a pair of pseudoscalars with masses
3.7-50 GeV, and for heavy scalar m = 100-500 GeV decaying to a pair of pseudoscalar's with a

Ne»r=i»

mass of 5 GeV Z10ECR] 1s-8Tev,203'  ATLAS
(2 ; . J /qp — Background Modgl___,_ T *Dala ;
Optimized for m, < 10 GeV D10 .. Fit Uncertainty %, Zi" MC
§) = : L e Z/y* Component ; B
- Assumption: there is no decay to quarks oot /T i Component =
d 25332 34 06 38 4 005 10105 1TATE -
One a decays to muons - loss in production rate 10°E E
(compared to both decaying to pair of T), but gain o
in trigger efficiency, higher signal-to-background 10° e
ratio and narrow dimuon mass resonance as a L o
strong discriminant 10°E i
+ Selection:

- a — (i Two high pt opposite sign muons

10 20 30 40 50 60 70

% R'esidual

*a — 7T 1eorpand1or three tracks (e, U, The)

- Signal and resonant backgrounds are modeled with a double-sided Crystal Ball function,
backgrounds are constrained with data in two control regions, light and heavy favor dominated

6 Phys.Rev. D92 (2015) 10.5, 052002
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h — aa — uuT

10°g

m,=m, = 125 GeV

] ] "
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LALLLL

> x , i . ATLAS 1 Observed 95% CL
» Two different signal and validation regions are ol 1$7STVRIL o Maden Expecied o5 L. |
identified based on the flavor of the third § i20 ;
lepton, e or y 1

P rTreEn

L L LI1ill

%;’S:—h) x BR(h— aa) x BR(a—11)

» In the validation region, the lepton and accompanying
track are required to have the same sign
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1 l“ll

I mpg =myp = 125 GeV
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10'2 A A A A A A A A
5 . . . 4 5 6 7 8 910 20 30 40
No evidence for NMSSM Higgs production m, [GeV]
%; S'Rp' 'AT'LA'S'I ‘. Dat; -_§102§]]]TTII .
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N L "~ Fit Uncertainty 4 L 1 B 15=8TeV, 203" ....... Median Expected 95% CL |
s | 0000 - " : a . iio
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q), ...... ti Component g :f ----- s SMgg- H f
w 10F I Zly* ) x ...... 1
| d ) é’ R e 1
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Im 3.2 fb 1 /s =13 TeV T/b
W h — Waa — frbbbb >WWIH o

S

* Associated production with a W boson . mgin backgrounds: tT+light jets and tT+HF
which decays to a lepton necessary for

triggering * Modeled with POWHEG-Box interfaced

to PYTHIA (HERWIG and MADGRAPH
are used as alternatives)

W/Z to leptons
(provide trigger)

- The first search for 4b final state
from low mass resonances at the LHC

. SM-like Higgs boson decaying to a pair of * Normalized to NNLO from Top++

pseudoscalars with masses 20-60 eV * t++HF kinematics (shape) was corrected

- Events with one isolated lepton and at to NLO from SHERPA+OpenlLoops
least three jets, with at least two

tagged as b-jets, are selected * Others include single top, W/Z+jets and

dibosons from simulation

* b-tagging efficiency: 77%
light-jet rejection: 126 * And multijet background obtained from

c-jet rejection: 5 data using matrix method

hadronically decaying t: 10
8 arXiv:1606.08391, Submitted to EPJC
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: nalysis strat
! :  Analysi ategy
ATLAS =:;'°"£
\513TOV32'b -ﬂa‘, > )fry.r]; LI I B A B S BN S B B B B R B g
= 8 o0~ ATLAS 4-Data 2015
25j, 2b 8 F1s=13Tev,3.210" - WH (x1000) :
P 80; 24 jets, 22 b-tags [_Jtt + light ]
- - & 7o—H—>2a—>4bma—60 GeV [t +cC =
+ Define signal & Wi:h
and Con-'-rlol Signal ........... .Nontt :
. ~Q Backgrounds—
r'eglons based 3j, 3b ‘. ‘ 40

on b- and
light-jets H
multiplicity i

A
098 F
094 E

Data / Pred

o

[Fe]
o
8
n
8
F-N
3
o,
3

* Use BDT trained for mq = 60 GeV for final discrimination between signal and background

Region mesy  meees  AmS2.  Hr  pr  ARY AR Mbbj T2
(35, 3b) v v v v v
Signal  (4j, 3b) v v v v v
(4j, 4b) v v v v v
Control v

arXiv:1606.08391, Submitted to EP]C )
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3.2 fb 1 /s =13 TeV

Final discriminants

» The distributions of the final discriminants in all eight channels are combined to
test the presence of a signal

Nner-=i»

+ BDT is used in signal regions and H+ in control regions to constrain backgrounds and
reduce impact of systematic uncertainties

x10° 7
> :Y T I L) T I L ] Tr177 ‘l Ti7y ] TiTy ‘l LB I LA A l LA I' T l: P. 10 L T | I L | l L B | 1 4 I | DN | 1 4 ] LB 14 ] | DN | T ] T T
8 [ amas 4-Data 2015 e ATLAS 4-Data 2015
8 WP 1s=13TeV, 320" BmWH g 2 10°L \s=13TeV,3.21b" B WH
@ | 4lets, 2btags L+ hght - S [ ajes.abtags SR Llfi+light
§ 25 H->2a-4b,m =60Gev Htt+cC 10’ H>2a—>4b,m =60Gev [Hti+cc
T - Bt + bb - Bt + bb
20l B Non-tt 3 ) B Non-tt
: : '“FBackgrounds
:
10 CR -]
5 y
. 0 | bt 11“ .
8 1.06 ‘ % E 8
- QXL I o A o el o ol o ol o ok o o v o g -
098 "4*‘ § ; =
o 0.94 3 w 0.85 T
D 0.9 A A A A " A " A A B D 0-75 A A " A A A -
0 100 200 300 400 500 600 700 800 900 1000 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8
H; [GeV] BDT output (3}, 3b)

arXiv:1606.08391, Submitted to EPJC 10
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3.2 fb 1 /s =13 TeV

Final discriminants

» The distributions of the final discriminants in all eight channels are combined to
test the presence of a signal

Nne»r-=>»

+ BDT is used in signal regions and H+ in control regions to constrain backgrounds and
reduce impact of systematic uncertainties

> :YYYIIT'.'I'I‘l]’Y]f"f“fl""‘lf‘le'Yl‘lTlnIITTYT: P. 1081 | LS I’ L | | ] | B B 1 ] | DB ! 1 4 ] | S [ ] ] | B B ] ] LA
S oo ATLAS 4-Data 2015 - S oL ATLAS 4 Data 2015
S [ 1s=13TeV,321b" W WH : g2  Fs=13Tev, 321" M WH
T 700F 5 jets, >4 b-tags _tt+light :>j 1°F" 4 jets, 4 b-tags SR __Jtt+ light
2 - H2a—4b,m =60Gev [Htt+cC 1 10°F H - 2a - 4b,m_=60Gev [Htt+cC
© 600f Bt + bb E ok Bt + bb
w 500_:_ B Non-tt E ’ B Non-tt
- . 10° B k d
: ] backgrounds
4001~ = 10?
300: : 10 —&
. 3 CR
E : 10—1
.0 . 107
D 1.06 D 145
a 1.02 E a 1.15
S 098 5 085
w5 0.94 l S 055
O o9 O o2s E

0 100 200 300 400 500 600 700 800 900 1000 -06 -04 -02 0 02 04 06 08
H; [GeV] BDT output (4j, 4b)

arXiv:1606.08391, Submitted to EPJC 2!
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* Dominant systematic uncertainties

Systematics

3.2 fb 1 /s =13 TeV

* b-tagging: b-jet, c-jet and light-flavour jet tagging scale factors

+ 1t modeling: 1 cross section, tt+HF normalization, +t+HF shape studied with
different generators, models of parton shower and hadronization and initial and

final state radiation

Systematic uncertainty (%] WH, H — 2a — 4b tt + light tt+cc tt + bb
Luminosity 4 4 4 4
Lepton efficiencies 1 1 1 1
Jet efficiencies 6 4 4 4
Jet energy resolution 5 1 3 1
Jet energy scale 4 2 4 3
b-tagging efficiency 17 D 5) 9
c-tagging efficiency 1 6 12 4
Light-jet-tagging efficiency 2 29 5 3
Theoretical cross sections D 5 D
tt: modelling 6 45 26
tt+HF: normalisation 35 18
tt+HF: modelling 5
Signal modelling 7

Total 21 31 54 21

12

arXiv:1606.08391, Submitted to EPJC
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 No excess is seen

Results

30 =

*+ The observed (expected) 957% CL upper limits range from 6.2 (8.6) pb
(ma= 20 GeV), to 1.5 (2.0) pb (mq = 60 GeV)

Process (35, 3b) (4;, 3b) (4j, 4b)
tt + light 1089 + 76 2940 + 180 H3 + 16
tt + cc 70 £+ 28 280 + 110 21 £ 11
tt + bb 172 + 55 610 £ 160 74 + 15
tt +~/W/Z 0.8 + 0.1 4+ 1 0.4 + 0.1
W + jets 93 + 31 129 + 40 2+1
7 + jets 18 + 12 14 + 10
Single-top-quark 135 £ 13 208 £ 17 8+ 1
Multijet 48 + 20 67 + 28 4 £+ 2
Dibosons 4 +1 941 0.6 &£ 0.4
tt + H 0.7+ 0.1 4+1 0.8 + 0.2
Total 1640 + 58 4270 + 130 165 £+ 15
Data 1646 4302 166
WH, H— 2a — 4b
me = 60 GeV 10 £+ 2 9+1 3+1
mae = 40 GeV 11 + 2 10 + 2 2+1
mae = 20 GeV 6+ 1 Hh+1 0.7 +£ 0.2
arXiv:1606.08391, Submitted to EP]C 13

95% C.L. upper limits on o(WH)xBR [pb]

ATLAS Vs=13TeV,3.2fb" |

——— Observed 95% CLs
§ssssss Expected 95% CLs + 1o |
"""" Expected 95% CLs + 20 .
G WH) -

40 50 60
m, [GeV]
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k g 107 _(E)::cnt’:: :::ee: Illimmlitt h - aa — 4y
: Summar
s \s = 8 TeV, 20.3 fb”
; 107 3 95% C.L. upper limits =
e F m,, resonance search -
st m,-dependent width  _
107
» Searches for light pseudoscalars from the Higgs
. 107 E
sector are performed in the range 3.7 < mq < 62 GeV S A P P
for a variety of decay modes. 10 I it
i | amas T Gpeonvea 95% CL
% ol 1s=8TeV,203 1" ;----M:c:izn Expected 95% CL |
* No excess was seen and decays of the Higgs boson  # ¢ 20
to light pseudoscalars are further constrained 8 ;
I3
%’|=1 ;
* With the rapid accumulation of 13 TeV data large

sensitivity gains can be expected in these searches ™ ¢ s &6 78910 0 % g

| I [

ATLAS (s=13TeV,3.21fb"

- Additional channels will be explored

Observed 95% CLs
{85558 Expected 95% CLs + 16
------- Expected 95% CLs + 20
Og(WH)

n
o

] I ! ! 1 1
|

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-02/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-01/
50 60
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-02/
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IBS. MSSM and NMSSM

+ SUSY is able to explain many shortcomings of the SM:
hierarchy, coupling unification at GUT scale, dark matter, CP
violation, etc

* Extension of the Higgs sector requires two Higgs doublets, Hd and
Hu, giving a mass to up-type and down-type fermions

» Its minimal model, MSSM, contains SUSY mass term, y-term
UHqu
*+ It is of the order of the SUSY breaking scale Msysy, but for natural
EWSB it should be bellow at the EW scale => p-problem

* NMSSM solves it by introducing additional scalar field, so
H -> Heff = <S>

16
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b-tagging

+ Use MVA id based on impact
parameter and secondary
vertex properties

Displaced
cks

Secondary
Vertex

/7
'
]
'
4

Primary RN
Vertex

Lz

light-jet rejection

2016/2015 config

Jets / 0.1

10°

1

po o
L

| s=13 TeV,

MV2c20 - 2015 config
MVv2c20 - 2016 config
MVZ2c10 - 2016 config
MV2c00 - 2106 config

10°

10° §
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250" o Data 2016

- Il D jet
201 c jet

- Il Light flavour jet
15—
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* Look for 1 or 3 prong jets in a cone of 0.2
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T-id

- define isolation

- Use BDT for discrimination

9 i v[r'l']1""1'77]'1""77'l"vv'l"vv
§ - ATLAS Preliminary @ Data 2015 )
w » f,_d,.safb-' [0 W+jets and multijets [] Other
2000 -
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1500__2-'11-ptuT&P
1000_—
500_—
0
= g 3
o 1.5\ - -
3 15 o e
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Q _f - ]
0.5:— 3
06 065 07 075 08 08 09 095 1
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Delivered Luminosity [fb™]

Luminosity 2011-2016

17171 _
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