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000 eoredmetdlem 00000000000 | Motivation

After 8 years of the discovery: is the nature of the Higgs boson completely determined? ]

Extended Scalar Sectors

o possibility of light states in several well-motivated models
o light bosons (a) can couple to the 125-GeV Higgs boson (h)

The 2HDM+S Phys.Rev.D 90 (2014) 7, 075004
Supersymmetry o 2HDM near decoupling limit: a — 8 — w/2
Additional
gt;léltl:a o add one complex scalar singlet: S = %(SB + iSy)
Scalars
o potential light boson: a = cos0,S1 +sinf, A (0, < 1)
Neutral Light i . . . q
Higgs Bosons 2HDM+S o couplings to fermions: {, ~ sinf, - £a
Coupling Type-I Type-I1 Type-III Type-IV
Dark Photon E’dx cot B cot B cot B cot B
Little Higgs §i4 —cot 3 tan 8 —cot B tan 8
I —cot 3 tan 8 tan 38 —cot 3

Probing Models with Light Bosons
% direct searches in production mode? =- limited by small couplings of a to fermions
X indirect constraints from h cuplings? = B(h — BSM) still relatively large

v’ alternative: search for light bosons through exotic decays of h
28.10.2020 2/12
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https://arxiv.org/abs/1312.4992

Overview

Exotic Decay Topologies: h — aa(Za) — X XYY
A

> large variety of models and scenarios with rich phenomenology

v/ multiple searches in distinct final states required to effectively probe the parameter space
v' ATLAS and CMS have designed an extensive program to cover multiple decay channels
> various strategies for experimental analyses

v for mg < my, the light bosons become highly boosted

v/ two regimes are normally distinguished: Resolved vs. Boosted

@ boosted regime normally requires dedicated analysis techniques

boosted resolved

2my 2mq 2my,  ~15-20 GeV
mg
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Run IT Analyses

Overview

h— Za—lljj

accepted by PRL

h — aa — bbbb

accepted by PRD

h — aa — yyjj

Phys.Lett.B 782 (2018) 750-767

h — aa — pupupips

Phys.Lett.B 796 (2019) 131-154

h — aa — ppubdb

Phys.Lett.B 790 (2019) 1-21

h — aa — purT

JHEP 08 (2020) 139

h — aa — bbbb

JHEP 10 (2018) 031

h — aa — 777TT

Phys.Lett.B 800 (2020) 135087

h — aa — putT

JHEP 11 (2018) 018

h — aa — ppubdb

Phys.Lett.B 795 (2019) 898-423

h — aa — 77bb

Phys.Lett.B 785 (2018) 462

h— aa(Za) = WL (I =eorp)

JHEP 06 (2018) 166

h — aa(Za) — Ul (Il = eor p)

CMS-PAS-HIG-19-007
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h— Za —lljj

Events / 0.01

Data/ Bkgd

ind (

ATLAS

Recent Results

accepted by PRL

10°
mass range: 0.5 < m, < 4 GeV =R saaa T T T T T
P MO0 aTiAs o Data |
5 F Vs=13Tev, 139 10" —Background 4
i i : £ 1200~ . H-Za(0.5Gev) |
h production mechanisms: ggH & P°F oo (100 H-zasgen
1000 B(H-Za)=100% ~H-Za(25Gev) -
neural network (MLP) employed to woob. o E!
discriminate between boosted di-jet E ]
: . . 600 3
(signal) and single-jet (background) E ]
400~ B
signal extraction: counting experiment 200 : 1
in signal region E ; ; i ]
5 fefara e
. . 3 o12n o e
background estimation: Z+Jets 3 0;%*%\
. . . . <4 s¥Bkgd MC Stat N
dominates, modeled with a combination e 035‘”‘\mmmmumu:\%m‘zmnA
of simulation and data MLP Mass Esimator
T T T % [ T T T E T T
ATLAS ©50000— ATLAS =
V5=13 Tev, 139 fb* ﬁ F V5=13 Tev, 139 tb* N“: ATLAS X
o=, () £ so000l al)=, () | fewTevasn
B(H - Za)=100% @ r B(H - Za)=100% 2 10°c B(a-gg)=100% 3
o Data C B 5(H)x100%
—Background 300001 s — Observed
~-H-Za (0.5 GeV) C =
H-Za (15 GeV) C E --Expected
--H-Za (25 GeV) 20000 o Data J Wi
N E —Background | g 20
C ~H-Za(0.5Gev) J £10° e
E H-Za(15Gev) -
10000F L H-Za(25Gev) 3
B N RCS EERRRIEL } "
E . \ 0 . 101 E
= \Bkgd MC Stat ) \\ 8 b e N Bk?d mC ‘S‘aﬁ ) E L L I | L | L L
ot 025 100 410120 130 140 150 160 170 05 1 15 2 25 3 35 4 45
LP Discriminant my, [GeV] m, [GeV]
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https://inspirehep.net/literature/1789583

__ Scarchesin ATLASand CMS |
h — aa — bbb )

v/ mass range: 15 < m, < 30 GeV

v h production mechanisms: ZH

v" MVA (BDT) tagger developed to discriminate
between boosted di-b jet (signal) and single-b jet

(background)

Single-b rejection

v’ signal extraction: fit to binned distribution formed
by 2 SR and 4 CR (regions defined according to two
BDT working points and Z-mass window)

v' background estimation: Z+Jets and tt dominate,

modeled using various CRs in data

Events

600|

500)

400)

300)

200)

ATLAS
f5=13TeV,36.116"  —e— Data
7 Signal
mmt
2 Z+jets
B Other
> Uncertainty

e [

E— ) ) )
gy Bt g T
Pe.

CR
or, or,
Zapy e, -~

95% C.L. upper limits on o, x B(H - aa - 4b) [pb]

ATLAS Recent Results

accepted by

PRD

T T T T T
ATLAS Simulation

—a - bb Identification
* Working Points

L H - aa - 4b,m_ =20 GeV

s=13Tev,36.11b"

— — Observed s5% L resolved)

0,002

 complements previous search (20 < mg < 60 GeV) in same final state: JHEP 10 (2018) 031

Light Higgs bosons

28.10.2020

6/12


https://inspirehep.net/literature/1797642
https://inspirehep.net/literature/1678484

h — aa — 777T

v/ mass range: 4 < m, < 15 GeV

V' h production mechanisms: ggH (main),
VBF, VH, and ttH

v' h — aa — ppTT contribution included

v signal extraction: fit to binned 2D
m1(p, trk) vs. mao(p, trk) distribution

v' background estimation: QCD-multijet

dominates, modeled using several CRs
in data

35.9 fbl (13 TeV,

<
5 —e— Observed - m, =7 GeV CcMS
2 10 — Bkg - m, =10 Gev E
5

2 e m, =4 Gev - m, =15 GeV

&k : h

Obs/Bkg

f
f
+_

Light Higgs bosons

CMS Recent Results

Phys.Lett.B 800 (2020) 135087

Well separated 7 a?
same-sign muons e
+
wE
u¥/eT/hF
e

,"' u¥ /e /hF

1(1) Lorentz-boosted a; states
ay

35.9 fb! (13 TeV)

= T
o 95% CL upper limits CMS
Observed

-+ Expected
I 68% expected

95% expected

Excluded by ATLAS-CMS

combined coupling analysis

00 5 10 15
m,, [GeV]
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https://inspirehep.net/record/1744267

0 Seeler/WMASemd OGNS 2000 |
h — aa — pupTT

tan B

5CMS 359 b (13 Tev)

v/ mass range: 3.6 < m, < 21 GeV

v' h, H(300) production mechanisms: ggH
(main) and VBF

v special reconstruction technique to
efficiently identify a — 7,7

v signal extraction: fit to unbinned 2D
m(p, p) vs. m(p, p, 7y, Tr) distribution

v' background estimation: Z+Jets and
QCD-multijet dominate, modeled using
CR in data

’ 10 o
95% CL upper limits &
...... Expected exclusion 1

B(H - aa)=1.0 T
____ Observed exclusion . B
H - aa) = 1. o,
777777 Expected exclusion 58
____ Observed exclusion
B(H - aa) =0.47
10"
10
107
m, (GeV)

CMS Recent Results

JHEP 08 (2020) 139

359" (13 Tev)
IRRARRARE RN RARE

T
95% CL upper limits m, =125 GeV.

—— observed

- Median expected

B oo eoeces

959% expected

i Ll
12 14 16 18 20
m, (GeV)

359 b (13 Tev)

95% CL upper limits

Expected exclusion

B(H - aa) =10
Observed exclusion
B(H - aa) = 1.
Expected exclusion
B(H - a 7
Observed exclusion

28.10.2020

10°

107

8/12


https://inspirehep.net/literature/1796729

Interpretation of Results in the 2HDM+S Context
554 ‘ ATL-PHYS-PUB-2018-045

Type-II cot B8 tan 3 tan 3 ‘ CMS-HIG-Summary-Results

Coupling &y f%

CMS ATLAS
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http://cdsweb.cern.ch/record/2650740
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2
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Interpretation of Results in the 2HDM+4S Context
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http://cdsweb.cern.ch/record/2650740
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

Summary

> ATLAS and CMS immersed in a broad program of searches for light bosons

V" no sign of additional neutral light Higgs bosons yet

v~ analyses span a wide mass range of the light states
o use of sophisticated analysis techniques to deal with boosted topologies
v/ new promising decay channels being exploited

v/ more interesting results to come with the full Run 2 dataset

> vast parameter phase-space still to be probed in many well-motivated models

V" inclusion of unexplored and challenging final states might help excluding it

Danyer
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Summary

> ATLAS and CMS immersed in a broad program of searches for light bosons

V" no sign of additional neutral light Higgs bosons yet

v~ analyses span a wide mass range of the light states
o use of sophisticated analysis techniques to deal with boosted topologies
v/ new promising decay channels being exploited
v/ more interesting results to come with the full Run 2 dataset
> vast parameter phase-space still to be probed in many well-motivated models

V" inclusion of unexplored and challenging final states might help excluding it

Thanks for your attention!

Danyer P
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000 cesws |
The 2HDM+S

Two Simple Assumptions ...

o 2HDM is near or in the decoupling limit (h becomes very SM-like): a — 8 —m/2

o Add one complex scalar singlet S = %(S r +1iS1):

K
V2HDM+S(H17H2’S) =Voupwm (Hy, H2) + ASH1H2 + 553 +oe

Light Boson Couplings
le} O

v a (the mostly-singlet-like pseudoscalar)
a = cosBySr +sinf, A (0o < 1)
v could potentially be a light boson = h exotic decays
h—aa— XXYY(ma <mp/2) | h—=aZ = XXYY (ma <my —myz)
v' with couplings to fermions driven by: &, ~sinf, - {a

Eigenstate Coupling Type-I Type-Il Type-III Type-IV

&Y cot 8 cot 8 cot 8 cot B8
A ffx —cot tan 8 —cot tan 8
f% —cot B tan 3 tan 3 —cot 8

v
Light Higgs bosons 28.10.2020 2/12




Coupling

€4

€4

3

Type-I

cot B8

—cotB —

cot 8

ATL-PHYS-PUB-2018-045
CMS-HIG-Summary-Results

B(a — X X) are independent of tan 3 for this model type
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http://cdsweb.cern.ch/record/2650740
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

Coupling

£4

3

3

Type-I1V

cot 8

tan 3

—cot 8

tan 8 = 0.5
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http://cdsweb.cern.ch/record/2650740
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2

. Backwp__________ |
Outlook on ATLAS and CMS efforts within 2HDM-+S

Model Region  Status Potential Channels*(a — X X)
Type-1 - D -

tan 8 < 1 up-type quarks and gluons (e.g.: a — ¢€)
Type-I1

tang > 1 C -

tanf3 < 1 quarks and gluons (e.g.: a — c¢, s3)
Type-I11

tanf > 1 O -

tanf < 1 O -
Type-IV

tanB > 1 down-type quarks and gluons (e.g.: a — s3)

) : moderately constrained by current analyses in the entire mass range

: weakly constrained by current analyses for very light bosons (m, < 15 GeV)

*only if not (), final states that might help improve current limits

Light Higgs bosons 28.10.2020
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h — aa — ”y’yji

Phys.Lett.B 782 (2018) 750-767

v/ mass range: 20 < m, < 60 GeV ~ 05—
14 FATLAS @ Observed 95% CL limit
v' h production mechanisms: ggH and < 0,455 = 13 TeV, 36.7 1" pn Eiﬁiiiiﬂ D5% CL timit ]
VBF (main) ‘l r Expected limit 26 4
v five overlapping m(+y, v) regions are :|T: 0.3 3
defined T F ]
X 0.2 =
v signal extraction: binned fit to SR and e F 3
CRs (4 bins) 0.1 g
v' background estimation: QCD multijet OOE‘ e ]
dominates, modeled with data-driven : 20 30 40 50 60
ABCD method m, [GeV]
My~ Tegime Definition Range of m, values zR [GeV]
1 17.5 GeV < mq, < 27.5 GeV 20 GeV < my < 25 GeV 12
2 22.5 GeV < myy < 37.5 GeV 25 GeV < mqg <35 GeV 12
3 32.5 GeV < myy <47.5 GeV 35 GeV < mg <45 GeV 16
4 42.5 GeV < myy < 57.5 GeV 45 GeV < mq < 55 GeV 20
5 52.5 GeV < myy < 65.0 GeV 55 GeV < mg <60 GeV 24
Light Higgs bosons 28.10.2020
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https://inspirehep.net/literature/1665234

- 000 @edwm 0000000 |
h — aa — bbup Phys.Lett.B 790 (2019) 1-21

. > FrT T T T T T
v' mass range: 20 < m, < 60 GeV 8 5000 ATLAS Moy s —me20Gev
. . w0 E Vs=13TeV, 36.1 b [Ji — m,=30 GeV
v' h production mechanisms: ggH and VBF % 30005 o =40 Gev
. . . L E — m,=50 GeV/
v a kinematic fit (m(p, u) ~ m(b,b)) is employed to @ 2500 =60 Gev
improve the resolution of m(u, i, b, b) 20001 (B=10%)
v signal extraction: binned fit to the m(u, ) 15001
distribution 10005
V' background estimation: Z+Jets and t¢ dominate, 500
modeled with a combination of simulation and ok
100 150 200 250 300 350 400
data o
M [GeV]
> 40 =T T T T T T T
85E ATLAS . D _
P e
o 3 Vs=13Tev, 36.1 fo* ﬁ % +°1:(S }3 F ATLAS —— observed 95% CL upper limit
gz SR ~ q i [S=13Tev, 36 f!  — = expecied 95% CL upper it
Wy 7z % :% I expected imit ¢ 10)
1 Iz E
3 RS expected it (2 20
1 E RPN
E St
=2 E|
2 =
51 =
g E
=] 0 3
m,, [GeV] Eo s
2 25 30 35 40 a5 50 55 6
m, [GeV]
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https://inspirehep.net/literature/1680457

h — aa — bbbb JHEP 10 (2018) 031
ATLAS O+ IIQJ\I Mt +ct
v/ mass range: 20 < m, < 60 GeV F=13Tev Wi +bb [z+jets
Dilepton mOther
v h production mechanisms: VH e, 23, 20 (CR) e/l 3j, 3b (SR) el 24j, 3b (SR)

v' several categories are defined for both single- and
di-lepton channels

V' signal extraction: binned fit to BDT distribution . .
el 4j, 4b (SR) e*yrf, 23, 3b (CR) ey, 24], 24b (CR)

for each category
v background estimation: Z+Jets and tf dominate, @ Q e
modeled with a combination of simulation and data

ATLAS # Data
{s=13Tev, 36.1 0" Wz
e'e/p'y, 4 jets, 4 b-tags [t + light
H - aa - 4b,m =60CeV [ii+cc
[+ bb
[Jz+jets
[l other

Events

ATLAS (s=13TeV, 36.1 0"

Combined —— Observed 95% CL

B expected 9s% CL £ 15

——————— Expected 95% CL + 20

050(PP~VH)

Data / Pred

17208 06 04 02 0 02 04 06
BDT (4], 4b, ma_zo Ger

95% CL upper limits on o,,, x B(H-aa - 4b) [pb]

60
m, [GeV]

Light Higgs bosons 2
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https://inspirehep.net/literature/1678484

- 000 @edwm 0000000 |
h — aa — pppp

SN N NN

My, [GeV]

mass range: 0.25 < m, < 3.55 GeV
h production mechanisms: ggH

events are selected if my(p, p) >~ ma(p, 1)

Phys.Lett.B 796 (2019) 131-154

signal extraction: unbinned fit to the 2D my (p, u) vs. ma(p, p) distribution

background estimation: QCD multijet (bb) dominates, modeled using CRs in
data

2

-2 ) [fo]

Events / (0.025 GeV x 0.025 GeV)
o(pp — h — 2a) B(a,

107

e Danyor Pérem Adan | Light Higas bosons

CcMs 359fb" (13 TeV

NMSSM 95% CL upper limits:
—*-m, = 90GeV
—= m, =125GeV

v my, =150 GeV \
Reference model:
—olpp = h‘ — 2a,) = 0.003 x og),
o(pp — h‘) x El(h‘ —2a)=0forj=i

PN
[ =N
L. N
N - E
¥ 1
Bl b b b b b b a3
2 25 3 35 4

m, [GeV]

28.10.2020 9/12


https://inspirehep.net/record/1706172

h — aa — pptt JHEP 1811 (2018) 018
«10° 35.9 fb (13 TeV)
v/ mass range: 15.0 < m, < 62.5 GeV g e L1
N O‘G-CMS —e—Observed ~ —— Median expected
&
v' h production mechanisms: ggH and & oskeme [eeeosees oo opeces
VBF e Combined
& odf
v' h — aa — 7777 contribution included Sl
c
§
v/ signal extraction: unbinned fit to the £
m(u, p) distribution 3
X
v' background estimation: Z+Jets and 8
WZ+Jets dominate, modeled using bbbt
CRS ln data 15 20 25 30 35 40 45 S 55 6
m, (GeV)
CMS Preliminary 359 fb (13 TeV. _ CMS Preliminary  35.9 fb™ (13 TeV.
]
1
<
@
w53
Blo
§
5}
10" o
8
60
m, (GeV) m, (GeV)
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https://inspirehep.net/record/1673011

h — aa — bbrT

v/ mass range: 15.0 < m, < 60 GeV

v' h production mechanisms: ggH, VBF and VH

v' three different 77 decay channels: eu, et} and

HTh

v signal extraction: binned fit to the my;s(7,7)

distribution

v background estimation: tf, Z/W+Jets, and QCD
multijet dominate, modeled using combination of

simulation and data

35.9b™ (13 TeV)

c 2HDM4S type Il

TR 959 CLon SWs(h-s aa) = 100%
s

3
B(h—> aa) (%)

i SR =
Ml-clonqe(h aa) =34% =] g‘
Glo

c

" o

10° 4

o

R

w

o

10

Light Higgs bosons

Phys.Lett.B 785 (2018) 462-488

35.9fb™' (13 TeV)

§ 25) CN’IS —— Observed ]

& —— Median expected

el

BY [ 68% expected

T 20 1

3 I:] 95% expected

1 [ Combined

g

Sk

©lo
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