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Motivations for New Light States

Dark Matter

Light (pseudo-)scalars as
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Fermi-LAT 2015
C. Boehm et al. 2014

-\W Baryogenesis

EW symmetry breaking as a
1storder phase transition

SM VA VA

-e-v\

¢

2nd order
(classical roll)
-

BSM
—
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| st order
(tunneling)
&\5

(Higgs & a) bosons

Profumo, Ramsey-Musolf, Shaughnessy, 2007 and others

Verena Martinez Outschoorn — April, 2019

Naturalness

Chacko, Goh, Harnik 2005
Craig, Katz, Strassler, Sundrum 2015

Axion-like-particles
Bauer, Neubert, Thamm 2017, 2018




Searches for light scalars at the LHC

e Several searches at the LHC target light scalars
e (Covers both CP odd and even states — referred to as a-bosons here

* Several strategies pursued Searches for light states in the

Exotic decays of the Higgs boson decays of new heavy particles
New opportunity since the Higgs
discovery to search for Higgs portals X Mx > Mh
— Searches for on-shell decayswith =7 = 7 7

ma ~ 0.25 - 60 GeV

— Explore displaced decays for
cases where Iight scalar is Iong lived Search for |igh’[ state

production directly

g b/t

b
h mh = 125 GeV k\
g b g

and many other examples

b/t
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Challenges to Search for Light Scalars at the LHC

Reconstruction
Light states often result in low pr and overlapping

decay products

Trigger

X y Often suffer from

AR(Y,Y) ~ 2 mx/ prx inadequate or low

k efficiency triggers

May be long-lived particle (LLP) — displaced decay | - requ.ires
v dedicated triggers or
x  (LLP) < possible solution is to
e, yoT measurable explore final states in
VRN association with other
(LLP) < objects

— these signatures require dedicated technigues

Backgrounds | 4rqe backgrounds from SM processes at low pr

May also have unconventional signatures with non-collision backgrounds

e.g. noise, instrumental effects, beam halo ...
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* Higgs boson observed as a resonance in

Higgs Boson Decays @

- ATLAS Preliminary _* P

- Signal (mH=1 25 GeV)

__H%ZZ*%‘“ -zz*
- 13 TeV, 79.8 fb™ B z-jets, ti, ti+v, VWV
% Uncertainty

—h
-
o

Events / 2.5 GeV
(00}
o

ATLAS-CONF-2018-018

()]
o
T I | T 1 | T 1 | T 1 | I

TN
o

N
o

0
80 90 100 110120130 140 150 160 170

m,, [GeV]

several decay channels

Many BSM theories predict additional decays

« Higgs Portal models of dark matter
» Theories of Neutral Naturalness

TL

Higgs boson branching experiment

ratios in the SM

gg 8%
cc 3% my = 125 GeV

LHC Higgs XS WG

 Models with an extended Higgs sector e.g. 2ZHDM+S, NMSSM
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SM Higgs Boson Decays

ATLAS-CONF-2019-005

L L O O A B I
ATLAS Prel|m|na!‘1y |_‘_|T0ta| |:|Stat == SySt | SM
Vs=13TeV, 24.5-79.8 b
my =125.09 GeV, IyHI <25
Py = 71% Total Stat. Syst.
agF vy 0.96 =014( =011, *008)
ggF Z2Z 1.04 *918( o014, x006)
ggF Ww 1.08 :019( =011, =0.15)
ggF Tt 096 “85( 0%, Ioa)
ggF comb. 1.04 =009 ( =007, *99%)
VBF 1y 139 38( 0%, 3%)
VBF ZZ ——— 268 oz ( losis lom0)
VBF WW ==+ 059 *935( 3%, .o21)
VBF »léq 116 “053( Zodo» loss)
VBF bb 4801 TIET( s, To%)
| VBFcomb. e 421 tSE( o vorey
VH vy 109 '95( 8%, 10%)
VH zz 0.68 ‘5% ( o77. lo1i)
VH bb 119 705 ( 017, lo%s)

. VHcomb. =t 115 ‘0% .om., 07y

ttH-+tH vy 110 *935( 8%, 1819)
ttH+tH VvV 150 "0 ( 0u. o)
ttH+tH T 138 "gee( 0%, Toes)
ttH+tH bb 0.79 939 ( =029, =052)
| ttH+tH comb. B 421 0% gy 02,

N R I BT R I

-2 0 2 4 6 8

Parameter normalized to SM value
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ATLAS

Higgs boson branching experiment
ratios in the SM

gg 8%
cc 3%

my = 125 GeV

LHC Higgs XS WG

Avalilable measurements are only able

constrain BSM decays to = 22%


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/

-Xxotic Higgs Decays

Higgs decays in the SM are suppressed by small Yukawa couplings, loops, or
multi-body phase space
Dominant decay to b-quarks suppressed by tiny coupling yp ~ 0.017 v/2

a
— 103 , - : _ /
S 10F Simple example: = ,
e one new scalar — — — -«¢v/2
T 10%E g N
i : N\ a
10¢ 1; ********************************
1L 0.1 ¢=001 |
107, % 001 £ =0.005
; 1= 5
10-2§_ .......................................................................................................................................... _§ 5 0.0017
- |_h (1'25 Gle\/)I = .4d.| MQ\/E Z=0.001
100 200 300 500 1000 04,
M, [GeV]

even a small coupling to another lignt 9 10203040 50 60
state can open up additional sizable m, (GeV)

decay modes Phys. Rev. D 90, 075004 (2014)
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Higgs Decays to Light (Pseudo-)Scalars v
N X

T —«—ab <

| b-jets and taus
<——— 272h largest BR

0.1

Br(h—aa-»XXYY)

0.01°

0.001 ' 4—'— 2T2|.I adding muons
f .. : - +——— 2b2u small BR

Comprehensive review

exotichiggs.physics.sunysb.edu

Phys. Rev. D 90, 075004 (2014)
arxiv:1312.4992

pair Br:SM Yukawas

Example benchmark SM+S model
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http://exotichiggs.physics.sunysb.edu
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Decays to Light (Pseudo-)Scalars

ggsS X
challenging signatures because decay N X
re low pr and may be overlapping - — = - v
B ————<+—4b
_ <,
| b-jets and taus
- ¢—— 272h largest BR
< boosted " resolved >
’a—wu
’a—)TT a - bb
2mu Zm, Zmb mg
,,,,,,,, 212} adding muons
a A —— 2b2” small BR

1074

m, [GeV]

pair Br:SM Yukawas

Example benchmark SM+S model
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Comprehensive review

exotichiggs.physics.sunysb.edu

Phys. Rev. D 90, 075004 (2014)
arxiv:1312.4992


http://exotichiggs.physics.sunysb.edu

Higgs to Light Scalars: h—2a—4p

N
A — — —
706000 l
o CMS 35.9 fb' (13 TeV)
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¢ Strategy
* Events with 4 muons

* Search for excess in pairs of similar
Mass My ypy ~ M2y

* Main backgrounds bb and J/W events

CMS/ .
<N
~ < \\

‘u\\ \

) L

CMS 35.9 b (13 TeV)
S.92L A NMSSM95% CL upper limits: -
= F —-m, = 90 GeV ]
o F — m, =125GeV i
1 i v my =150 GeV i
o Reference model:

‘E 10 —o(pp > h —>2a)=0.003x ogy 3
—~ T o(pp —~h) xB(h —2a)=0forj=i A
< B ] ] ]
Al N 1
1 I i
—

1__ -
Tk .
a F ]
e [ I
b — —

10_1 __I 1 11 | 111 1 | 111 1 | 111 1 | 111 1 | | | | | 1 11 I__

O 05 1 15 2 25 3 35 4

_ m, [GeV
arXiv:1812.00380 1
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M,4 [GeV]

Higgs to Light Scalars: h—2a—4p

T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T |
2 I —
5 v 4ulow mass channel [0 evts] ATLAS |
. . -1
~ X Outside 120 <m, < 130 window [16 evts] 13 TeV, 36.11b"
L Signal region H— XX — 4] |
20 7722 Quarkonia veto P
s Veto J\l.l) and Y X .
- ’/' N
— /7;77777///7777/77777777777777777/7
| S TS T AT TS S S S S S S S S S S S S S S SSSS S S S S S [f
10 77 //////?/???//?/??///?/??///?/??//??77‘
= A
PR S S S IIID,
— PR j///////// —]
B e WIS III |
P //////////
< S S S S S S S
- X T }
I pad 7 g —
S 42????2?/ X X
B B A
- ///////////////////fi{{/ ???/ ?/////////////////////////////////L
— . 7K n
4 1 ///f/q I O RS o 94 955 [ v R T N N I |\{_|.
2 4 6 8 10~ 12 14 16 18 ~ 20
m., [GeV]
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Strategy

ATLAS

. EXPERIMENT
Events with 4 muons

Search for excess in dimuon pairs of
similar mass m12 ~ mz4 with may ~ mp

Main backgrounds bb and J/W events &
electroweak processes (ZZ, h—/Z/%, etc)
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7/ 7 1

/ -

~Expected 7/ 13 TeV, 36.1 fb
S S S S

1
1
1
1
1
1
1
1
| i ir I i ! _
|:| +1o0 i I I il ! H—aa — 4u
T A !
s 77 Type-ll, tan =
- +2G T WA ! ]
= * IS A ! =
— IS i ! =
- T I ! -
— T A ! -
— il rr s ! _
T sl !
L T AN ! -
Wiir I s !
| T I ! _
Wi I IS s !
Wi ir I i !
T I !
| Wi r IS s ! ]
— Wiir I i ! =
— T I ! =
— T i ! -
— Wiir I s ! -
n T i ! =
WIS A !
B ir I i ! _
I s i !
| T i ! _
0 /.
s /
S S '
T i !
IS i ! —
T I ! 3
Wi i ! -
i IS i ! -
T IS !
irrrrs IS ! —
IS i ! _
L, I !
L, A !
s, IS ! —
L, I !
L, s !
PO R e P X A A A A
4 5 6 7 8910 20 30 40 50
m, [GeV]

Assume SM on

JHEP 06 (2018) 166 arXiv:1802.03388



Higgs to Light Scalars: h—=2a—2u2t or 41|C

Strategy

—_
—— \

DZ \\\ \\
y A

e Events with 2 same-sign charge
muons and 2 tracks

e 2D search in my(y,trk) mao(u,trk) plane
Main backgrounds QCD multijets - b-jets

1/N x dN/dm [GeV ]

—
<

107 F

obs/bkg

15_ ....... L | DU S | A | DO LI Ll | -

1.0 FE—g—r-eo—d—
0.5 g
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T
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UorTtT—
Ttk °
-1
?5'9.fb I(13'll'eV) = 06
CMS b(/)
Preliminary
~~—
-e- observed oC 05 —
— bkg(+unc.) 2]
----- m, =4 GeV o
----- m, =7 GeV
----- ma:=10(§ev g 04}
m, =15 GeV o)
E 03}
—
O
>
O
(@))
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------ Expected
+1c Expected
+2c Expected

excluded by the

coupling analysis

L)
A d
A d
.
.
.
.
.
»
-
-
-
---------
-
------------

35.9 fb' (13 TeV)

CMS .

Preliminary |

PAS-HIG-18-006

15
m, [GeV]
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Events / 5 GeV

JHEP 11 (2018) 018 arXiv:1805.04865

uu + ut,

CMS

20

Higgs to Light Scalars: h—2a—2u2t

—
.

)

—— Signal model

- - - Bkg. uncertainty [ ]| ZzZ— 4l

[ | Misidentified

B(h— aa— 2u2r)
B(a— 2u)/B(a—

2t)

T

=0.01%
=m %/m?2
u T

35.9 ' (13 TeV

— Bkg. model .

¢ Observed

30 35 40
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Strategy
 Events with 2 muons and 2 taus (e,u,Tn)
* Search for excess in dimuon spectrum
Main backgrounds misidentitied T & ZZ

h B(h—aa—2u2t)

o
SM

95% CL limit on S

—

—h

o o o
N »

o

\®)

Assume SI\/I Oh

x 107 35 9 fb (13 TeV)
4 ' C MS —— Observed '
oL — Median expected -

[ up + Ut [ 68% expected
r 95% expected ]
sl -

20 25 30 35 40 45 50 55 60
m, (GeV)
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Higgs to Light Scalars: h—2a—2u2b

000" S

n U * Events with 2 muons and 2 b-jets
* Search for excess in dimuon spectrum

o
0000 < S Main backgrounds Z+jets and tt

&
arXiv:1807.00539 >

n n S

L =

i “s\\ \ \

EXPERIMENT <H
{0 N L B L B L B L R L L EELL AL I
® E ATLAS o Data =
E\D, 35 1 2444 SMtotal
~30E- Vs=13TeV, 36.1 for DY +jets 3
= E SR tt =
§25 — B Other =
T ARV — m,=60 GeV I
20 = e —— m,=50 GeV "3
15E el s A —— m,=40 GeV _=
- e , —— m,=30 GeV
— e % — m,=20 GeV —
i&‘ 2. ' (B=0.04%) 3
c% -+ RN NS T I IO ;"l""l"_
E ’ : /////}/ % ; //}/i i//////* +///% -
8 o [ ; ; ...................................................... é ..........................................................
O I BRI S ST SRR RTI R SRR SR B

20 30 40 50 60 70 80

m,, [GeV]
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Events / (0.85)

35.9fb"' (13 TeV)

50IIII|IIII|IIII

45

40

35
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25

20

15

10

——

CMS

+ Data (combined)

Best-fit bkg. model

II;;III'IIII'IIII'III
25 30 35 40

it

Background-only fit

68% CL uncertainty

H

:

nNO
o

m,, (GeV)

arXiv:1812.06359
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Higgs to Light Scalars: h—2a—2u2b

OO0 <~ Stategy

N U * Events with 2 muons and 2 b-jets

A S —

00000 < * Main backgrounds Z+jets and tt

@é Ez arXiv:1807.00539

5 e Search for excess in dimuon spectrum

,x10° 35.9 fb"' (13 TeV)
o) N
_% : 95% CL upper limits CMS
=. e Median expected
EXPERIMENT CTU,_ [ [ 95% expected
= B ~ 1.5 68% expected C \S i
5“ - ATLAS — Observed 95% CL upper limit G 5_ - P M F
o i T —e— QObserved \:
< -
j; , {s=13 TeV, 36.1 b’ — — expected 95% CL upper limit E i \\\ B
c 107 ¢ <
- imi X - ~/\
0 - - expected limit (= 10) s = \
r L Sle T AN
— _ Ll & A |
o L expected limit (+ 20) B =
X | -
&2 i
1073 = -
- o 0.5—
0.03% s
10_4 O 1111 | I | | I | | I | | I | | I | | I I | | I I | | |
25 30 35 40 45 50 55 60
m, (GeV)
20 I 25 I 30 I 35 I 40 I 45 I 50 I 55 I 60 =
. [GoV] arXiv:1812.06359
a
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Events

Data / Pred.

target 2mp = Mma < mp/2

105§IIIIIIIIIIIIIIIIIIIIIIIIIIIII

10*E

10°

102

10

1

107"

1072F

-1 08 06 04 02 O 02 04 0.6 08

1.375
1
0.625
0.25

Higgs to Light Scalars; h—2a—4b @

Signal

Zw =

- ATLAS
L {s=13TeV, 36.1 fb™
- e'e/u'u, 4 jets, 4 b-tags

L H—aa—4b,m =60 GeV

-20,4j,4b

.I

¢ Data
I zH
[ ]tt + light
[tt+cc
Pltt + bb
[ ] Z+jets
I Other

signal

BDT (4], 4b, m_= 30 GeV
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e Strategy ATLAS

EXPERIMENT

e Events with 1/2 leptons & 3/4 b-jets

 Use multivariate technique and
complex background modeling

@  Main backgrounds Z+heavy flavor &
a 7 @ tt+heavy flavor

/7
=< ~4 b-jets

N\

- Assume SM o
=2.5¢ | | .
¥ b ;
% o[ ATLAS ls=13TeV, 36.1 fb” 7
I B ]

SeﬂSitiVity m | ——— Observed 95% CL |
c - B

driven by 20 2150 S5 Expected 95% CL = 157
E W o000 N Expected 95% CL = 20| 33 — 1
g _
loss in 3
T @)
sensitivity at 2
low ma due to ©

' | | |
merged JetS 020 30 40 50 60

m, [GeV]



* Type I: all fermions
couple to Hy

* Type ll: MSSM-like,
dr and er couple to
H1, Ur to Ho

* Type lll: lepton-
specific, leptons/
quarks couple to H1/
Ho respectively

e Type |V: flipped, with
URr, €r coupling to Ho
and dr to Hj

New calculations
iIncluding quarkonia
regions
JHEP 3 (2018) 178

From LHC Higgs XS
WG on Exotic Decays

/N

= BR(a—XX

1072

107°E

Benchmark Models: 2H

DM+S

—bb
cc

uu
TT

VY
— 99

BR(a— XX

10‘25—

10"35—

10_1 E—/\

—
\_~

1
Type ll, tan 3 =0.5

-

(\

——

Ve

1
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10

| mla [GeV]

o ma[GeV]

o Type ll, tan3 =5
I T ]
lJf [
= f
ot
107'F J =
1072F =
1073 | S

3 Al z

10

“MalGeV]

17



2HDM+S Models _ Type lll, tan B = 0.5

* Type [: all tfermions
couple to Hy

* Type II: MSSM-like,

o)

dr and eg couple to ? V\/
H+, Ur to Ho ol

* Type lll: lepton-
specific, leptons/

quarks couple to Hy/ 107 |

Ho respectively 1 10

* Type IV: flipped, with
UR, €r coupling to Ho i

BN
- lype IV, tan 3 =0.5

<
>
and dr to Hj ECTCU/ /\0
New calculations 3
iIncluding quarkonia
regions
JHEP3(2018)178

10°F

From LHC Higgs XS 10-3;—

———

0—1;_ WW

WG on Exotic Decays T i | B

1 10
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m; [GeV

107"k

107%E

/N

3 BR(a—»xx

1072k

107° E

<
<
-
s f
C
a

Type lll, tan B =5
3 —bb
] up
J(\ TT
] [\ =YY
' /\/ I —gg
= AL
1 10 ma [GeV]

Type IV tan B 5
a Ll L .._:
1 10 Ma [GeV]
18




Higgs to Light Scalars: Summary &)

Results are model dependent = assume BR(a—XX) QI!T&AENS.#

Example benchmark model 2ZHDM+S Type |

>
> 10 - | ATLAS Preliminary
CTU - Run 1: Ys =8 TeV, 20.3 fb™
—bb EE/ - Run 2: {s = 13 TeV, 36.1 fb™
m r 2HDM+S Type-I
cc | 4ok ﬂ ﬂ o
E === expected +1 0o
- n observed
MM Run 1 H— aa— uutr
T 102k : : Run 1 H— aa— yyyy
- YY E Run 2 H— aa— puup
; Run 2 H— aa— yyjj
— E
99 1072 3 E . ___ Run2 H-aa—> bbbb
:I 1 ' | 1 L1 .1:- S | j _ Run2 H— aa— bbuu
1 10 ma [Gev- 10—4 1 1 1 1 1 1 11 110 1 1 1 1 60
m, [GeV]
JHEP3(2018)178 ATL-PHYS-PUB-2018-045

Verena Martinez Outschoorn — April, 2019



Summary 2HDM+S

* Type I: all fermions
couple to Hy

* Type ll: MSSM-like,
dr and er couple to
H1, Ur to Ho

* Type lll: lepton-
specific, leptons/
quarks couple to H1/
Ho respectively

e Type |V: flipped, with
URr, €r coupling to Ho
and dr to Hj

ATL-PHYS-PUB-2018-045

—~

On

95% CL on

x B(H— aa

Osm
o
N

Type ll, tan 3 =0.5

107

—_
o
[=2]

—_
o
[4)]

= — —
o —_
L . o R <

ATLAS Preliminary

Run 1: {s =8 TeV, 20.3 fb™
Run 2: {s = 13 TeV, 36.1 fb™

2HDM+S Type-1

\\\\\\

observed

Run 1 H— aa— putr
Run 1 H— aa— yyyy
Run 2 H— aa— puup
Run 2 H— aa— yyjj
Run 2 H— aa— bbbb

Run 2 H— aa— bbuu

1
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1
10

60

m, [GeV]

Oy

95% CL on 5 x B(H— aa)
Og
o

|
10 60

m, [GeV]

Typell,tanB =5

—_
(]
]

—_
(@]
(o))

—_
o
(9]

_L—L —
e o ol\) Ow

—
S

m, [GeV]
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Summary 2HDM+S

* Type I: all fermions 1
couple to Ho @
* Type II: MSSM-like, s
dr and er couple to g
H+, ur to Ho 010_1
* Type lli: lepton- °
specific, leptons/
quarks couple to Hq/ " |
H2 respectively m, [GeV] ! C e
* Type IV:1lipped, with Type IV, tan B = 0.5 Type IV, tan B = 5
UR, er coupling to Ho s T 5 LA
and dr to H1 ATLAS Preliminary 1 £
Run 1: {5 = 8 TeV, 20.3 b Ef 10° "
Run 2: {s =13 TeV, 36.1 fb™ o S I S
o ol
2HDM+S Type-I S 1ot 5
=== expected + 10 Elg 10° ‘_é
observed S S
Run 1 H— aa— putt * 10" @
AT LAS Run 1 H— aa— yyyy "
EXPERIMENT 1
_ Run2 H— aa— ppupn
ATL-PHYS- A

PUB-2018-045

— Run2 H— aa— bbbb

Run 2 H— aa— bbuu
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Higgs to Light Scalars: Summary

ATLAS

EXPERIMENT

2HDM+S Type-III, tanf3 = 2 | 2HDM+S Type-III m_ =40 GeV
ATLAS Preliminary 3 ' DR | ———3% § " |
Run 1: {s = 8 TeV, 20.3 fb” p 10° ‘ % N
Run 2: {s = 13 TeV, 36.1 fb” ;;; 10° B o'
IX %104 DIT(% E
© ‘b 108 Cb N
=0 expected =1 o 5 © 107k
observed ) 10 O g
Run 1 H— aa— uutt 32 10 1 == BEY4 &\C; :
8 1 """""""'"""TT",' . 'f"':'H S 10 =
Run 1 H— aa— yyyy 10 . DA A | :
Run 2 H— aa— puuun 107 :
107 e
Run 2 H— aa— yyjj 3 E
10 AN G nas 7 n
— Run2 H— aa— bbbb 10°° 10
-6 | N A A A I R R T T T 1 [ R T B
— Run2H—aa— bbuu 0 10 : 60 0.5 1 10
m, [GeV] tanp
ATL-PHYS-PUB-2018-045
Analyses starting to probe interesting region
— stay tuned for updates with full 13 TeV dataset
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Axion-Like Particles (ALPs) at the LHC

Couplings of an axion-like particle a to the SM can be described
by a SM effective field theory

Can /h 2 2 2 a nIv%
A2 (Oua)(0"a) P+ A2 a0 0 ¢l e Cyy 5 Py £
07 o e 8 Several interesting channels at the LHC
SUI\IICO T — inv. +y % eg h_’aa_’4g’ 4V’ 2V29
ete”
1 6l
— 10 " / —_—
> ’ 2 .
D) HB stars ; & —_— ot
= I 9
< 10 E “ : cc
= . _
- — bb
& SN1987a l ;|
= —_
107 — gy
03
Cosmology \ 1 . — 37T
N\ Expected 0" 1 10 102
A - sensitivity m, [GeV] all couplings = 1/TeV
10~° 1076 1073 1 103 of h—4y
m, [GeV] with 300 fb-1

[Bauer, Neubert, Thamm: 1704.08207, 1708.00443, 1808.10323 (+Heiles)]
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ALP-like Signatures: h—2a—2y2; @
ATLAS

EXPERIMENT

.. e Strategy
[l er : : : -
q q J9 * VBF selection: 2 jets with large rapidity
gap An(ji1,j2) & large mass m;
. * Select 2 photons and 2 more jets with
o Myy ~ My
V n < g + Main backgrounds yy+multiple jets
g —~ 0-5 | | | | | | | | | | | | | | | | | | | | | | | |
o) _ ATLAS ® Observed 95% CL limit -
q q ?- B _1 — — - Expected 95% CL limit T
> ) B B B -~ 0.4._—\/E =13 TeV' 36.7 fb Expected limit 1 ¢ ]
g _ ATLAS VBF Signal MC _| rTU B Expected limit £2 0 7
o 0.4 vs=13Tev,367f " 7~ 99FSignalMC- © - .
:| E + Data E T 0.3_ E E E ]
0 - : T B : : : |
c 930 Before I -
> - . 2 : : : —
w 0.2[ VBF i - &l B -
c | selection [ : ' | ; B
s | S° N g 0.1 i ﬁ -
= O.lj : .';,. . — B \ : i
O B :o. l-"u.__°_o.. ] B : o : : N
L — Afe'Tix T l-"!' }.-'_.Tt 0.0_| C ; R : R : Lo : R
O'Oo 50 00 150 200 250 20 30 40 50 60
My LGEV] m,_ [GeV]
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Multi-photon Signatures: h/X—=2a—4y @)

Isolated Fully merged Nearly-merged ATLAS

. EXPERIMENT
photons Signal
q Y
a /<
,A _Ah Y
| ) .
Y
| d
sometimes
: : called / : < 200
N i photon jets 3 - Multi-photon searches at the LHC
.:."' : -: '_‘; 180__ X — aa — 4Y
' 8 TeV E e[  Pra=mx/2
arXiv: 1509.05051
EPJC 76 (2016) 4 210 140:— Isolated multi-photon searches
120
dIﬁSeveraI sgarches targeting | Not 1000 Q\@Q \//Q?a
Ifferent regimes made possible covered - R
due to trigger improvements -
60
7 TeV, for mx = 125 GeV a0F R
ATLAS-CONF-2012-079 £
20 :_ AR(a—yy) = 0.04

13 TeV, for mx > 200 GeV L AT STeY—PAD 99, prooms eoro)
arXiv: 1808.10515 500 1500 2000 2500
PRD 99 012008 (201 9) i imated photon-jets m, [GeV]

Verena Martinez Outschoorn — April, 2019 From J. Beacham 25



Multi-photon Signatures: X—2a—4y
ATLAS

EXPERIMENT

g__X__ <$ g__X__ <3n0—>6y
g <$ g <3n0—>6v

Strategy
> 10° g , , ,
S ATLAS _1 : e Focus on fully collimated regime multiple photons
8 10 E=13 TeV, 36.7 fb ?E
2 g o e E reconstructed as one photon
Tl geman iz 4. Resonance search in diphoton reconstructed mass myy
10: 105"I""I""I""I""I' — 4:|||||||||||||||||||||||||||:
: 3 ATLAS g 10 ETTs ' —Obs. --Exp.m -200 GeV -
1E S 10t {5=13 TeV, 36.7 fo” = C Vs=13TeV, 36.7 fbo —Obs. ----Exp.m =400 GeV -
| = ; low-AE category & 3 - X—aa—4y NWA —Obs. ----Exp. mx=600 GeV 7
107 2 10 e Data T 10°g —Obs. ----Exp.m, =800 GeV 3
10—l L T 10 Background-only fit + 1o 8 E —Obs. ----Exp. mX= 1000 GeV E
500 1000 i - Obs. --- Exp.m_ =2000GeV -
Q ' ' 10k X 102 [DExpected =10 for m, = 200 GeV —]
g S o = [JExpected =20
? 500 1000 10'1; 5
- 107 gy sg s e | E
s ) S E (__I)
Main backgrounds & el
Fo S e SR E 0
w

Trom 2V’ VJ,’ ”, 500 1000 1500 2000 2500
j—hadronic jet m,, [GeV] m,/m,
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Events / GeV

Data - best-fit model

Events / Ge

Data - best-fit model

8 TeV 197fb (8 TeV)

CMS
|

95 100 105 110 115 120

m,, (GeV)

13 TeV359fb (13TeV)

Direct searches: a—2y
8 Tev 197fb (8TeV)

Data - best-fit model

CMS
|

95 100 105 110 115 120

m,, (GeV)

13 TeV359fb (13TeV)

Data - best-fit model

Verena Martinez Outschoorn — April, 2019 @rXiv: 1811.08459

g Strategy

e Search for a—2y resonance in
diphoton reconstructed mass
Myy

* (Categorize events according to
expected sensitivity - use
Kinematic properties and mass
resolution of yy-system & y ID
variables

Main backgrounds from 2y, vj, jj

| ]—hadronic jet
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Direct searches: a—2y CMS

CMS 8 TeV 197fb (8 TeV) cms 8 Tev 197fb (8TeV) ?\ \\
> T > 2\
S S ol AT
1500% - =90 GeV) x % g
1000; 2 ; <V
v v g Strategy
3 g * Search for a—=2y resonance in
§ 75 80 8 90 95 100 105 110 115 120 § S 75 B0 85 90 95 100 105 110 115 120 dlphOtOﬂ reCOHStrUCted maSS
m,, (GeV) m,, (GeV) m
YY
cms 13 TeV359fb usle . GMS 13 TeV359fb e« Categorize events according to
i expected sensitivity - use

Kinematic properties and mass
resolution of yy-system & y ID
variables

Main backgrounds from 2y, vj, jj
~ j—hadronic jet

i Slight excess observed maximal
———% s —w ground myy ~ 95.3 GeV with 2.8

m,, (GeV)

_ (1.3) o of local (global) significance
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Direct searches: a—2y CMS

_\
— N
~4 \\\ \\
A T
9
8 TeV 13 TeV v
CMS 19.7 o (8 TeV CMS 35.9 b (13 TeV) < Y
= e L L I I e B~ MARASIAREN LAY LARRS RRAA AN RRRRR AN
=5 0'2:_ H— vy — Observed =" 0'2:_ H— vy — Observed
(‘8'0.18:— - Expected = 10—: (_8|0'18:_ - Expected + 10—: g Strategy

Search for a—2y resonance in
diphoton reconstructed mass
Myy

Categorize events according to
expected sensitivity - use
Kinematic properties and mass
55 700 105 110 resolution of Vy-system & vy 1D
m, (GeV) .

variables

* Main backgrounds from 2y, vj, |j
j—hadronic jet

* Slight excess observed maximal
around myy ~ 95.3 GeV with 2.8

(1.3) o of local (global) significance
Verena Martinez Outschoorn — April, 2019 29

arXiv: 1811.08459



cms 8 Tev 197fb @ Tev
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CMS 8 Tev 197fb (8 TeV)
> S R UL I I I I IR I T
o —+4-Data
Ol _
C\]1O4 DDY SR2
; - [Jtop quark
£10°F W E
T - 2U+b+
Wio2 central jet
‘IOE
@) 2 LR 1 000000
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T central jet
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S15 o
598

()]

20 30 40 50 60 70 80 90100
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Direct searches: a—2u + b-jets

Strategy

Search for a—2pu in
association with b-jet
and an additional jet

Two samples based
on additional jet

e Forward |nj| > 2.4
« Central n| <24

Main backgrounds from
low mass Drell-Yan and
top quark pairs

JHEP 11 (2018) 161, arXiv: 1808.01890 30
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Direct searches: a—2u + b-jets

CMS 8 Tev 197fb (8 TeV)
> S R UL I I I I IR I T
o —+4-Data
Q) B _
C\]1O4 DDY SR2
; - [Jtop quark
£10°F W E
T - 2U+b+
Wio2 central jet
10§
@) P2 UMM SRR 1 DR 00
g 151 .....................................................................................
S t)
4(—6-08 .............................................................................................
- 30/ 40 50 60 70 80 90 100
m,, [GeV]
cMs 13 Tev 359fb (13Tev)
> [T T e
810 +Data SR2
Al 4__ [Clov _
;10 [Jtop quark
c,pL WV 2U+D+ ]
T central jet

2
51 o0t Teoget 00t " 0.90’900».0««0 Pose?
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Strategy

e Search fora—2puin
association with b-jet
and an additional jet

e [wo samples based
on additional jet

e Forward |nj| > 2.4
« Central n| <24

Main backgrounds from
low mass Drell-Yan and
top quark pairs

Slight excess observed
around my, ~ 28 GeV in
8 TeV data, especially in
2u+b+ forward jet
sample

JHEP 11 (2018) 161, arXiv: 1808.01890 31
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Direct searches: a—2u + b-jets
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10F

-
.
PR

19.7 b (8 TeV

Signal+background fit
Background-only fit

i

GC.) C

2U+b+

central jet + %

Signal+background fit
Background-only fit

I t ]
1.4 ¢ deficit :
"""" 3040 50 60 70
m,, [GeV]

JHEP 11 (2018) 161, arXiv: 1808.01890

Strategy

e Search fora—2puin
association with b-jet
and an additional jet

e Two samples based
on additional jet

e Forward |nj| > 2.4
« Central n| <24

Main backgrounds from
low mass Drell-Yan and
top quark pairs

Slight excess observed
around my, ~ 28 GeV in
8 TeV data, especially in
2u+b+ forward et
sample
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Motivating Long Lived Particles

LLPs are generic T~ gz < m )n - E.g. small couplings,

in SM & BSM M hierarchy of scales
/ Off-shell decay N / Small splitting N / Small coupling N
T Dy n—pe Ve h—ete”
m 4 my, — M 4 N ygm
~o () < (M)
GMSB
Split SUSY # anoinos \
L7 RPV
Hidden Stealth \
\ Valleyj \SUSY J \ J
From N. Craig

 Many models motivating Higgs decays to LLPs, for example
« NMSSM [Chang, Fox, Weiner 2005]
e Hidden Valleys [Strassler, Zurek 2006; Han, Si, Strassler, Zurek 2007]

e Twin Higgs [Chacko, Goh, Harnik 2005]
e Fraternal twins [Craig, Katz, Strassler, Sundrum 2015]

Verena Martinez Outschoorn — April, 2019



Higgs to Light Scalars: h—2a—4b @
Long-Lived Interpretation 1

25F T AT | LA T '; ]
5 ATLAS %
E : / 1
ZE_D% \'s=13TeV, 36.1 fb Assume
i ——m,=20GeV -e Observed
- m, = 30 GeV -&- Expected SM OVH
1.5 —m, =60 GeV

T
o

95% CL upper limits on B(H—aa—4b)

1 - BR=1

o5 -
-0 i e, Tl i
O i b | | I I | I | | | | | I I | I | | | i

10 1

+-—
ct, [mm]

JHEP 10 (2018) 031 Increased
arXiv:1806.07355 D- jet
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LLP

/ - :: ‘
\ ! trackless,
| low-EMF jets
quasi-stable
charged particles

Many analyses from
ATLAS, CMS & LHCDb
targeting range of LLP
signatures & lifetimes

Verena Martinez Outschoorn — April, 2019

—Xperimental Signatures

disappearing or

kinked tracks \

l S non-pointing

displaced
multitrack vertices

________ (converted) photons

_ emerging jets
lepton-jets, or

lepton pairs

multitrack vertices in the
muon spectrometer

From H. Russell
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Long Lived Decays: h = displaced muons @)
TL

e Strategy A EXPERIMENT

Signal « Search for displaced

106060) a <U+ vertices (DV) in the muon
n (LLP). - system
A - * No tracks in inner detector
e g e Low backgrounds

In ATLAS can detect dimuon DVs in large decay volume

m— 103 IIIII| IIIIIIII| T T TTTTI T T TTTTI T TTTTTI T TTT1 IE IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o) = = | | | |
2 1 ATLAS - g i
q ) L y _ C().) 10 % ATLAS I:IDreII Yan %
x 10°g 's=13TeV 329fb 5 T 40tk y i ]
° : m, =20 GeV - 2 = Vs=13TeV 32.91b tt
g 10 - (E))l()ggé‘t’gg = % 10° = Tyl I:ISingIe top quark 3
© - -ﬂ% B(Z — uu) =0.148 - g 104: T e Data _
§ 1L ) BH—Z,Z,)=0.1 — :EMUV[IJGJ[ bkg =
S - : 10°Enot mcluded T h
R 0N BHoZ2)=001 o Ipe: > =
o - 5 O P ... .
102 dark photon - 10 z
0oL model s 1 e Wl
E IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| | IIIII| | I| | Iﬁ Eg I - I IIIIII m = ;s
ct [em] Signed " [cm]
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Signal
00000 a
ho (L)
A - - —.::‘
a
‘00000 (LLP)
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LL Decays: h = displaced jets in muon system @)

ATLAS

1 EXPERIMENT

Strategy

95 % CL Uppel‘ Limiton o/ OSM x B h(125)—aa

Search for multitrack
displaced vertices in
muon system

No tracks in inner detector
nor calorimeter signals

/

1_ \ I "T TTTTT ‘_‘I | IIIIII| | | IIIIII°| | | IIIIII/I | IIIIII_

E B h(125)~aa 100% %

10_1 __ B h(125)»aa = 10% N

10—2 :_ ...................................................... l_;fb_(1.2_5.)__.’_3.3_=._1.£

10_3 g_ """""" —§

E ATLAS — h(125)—aa, ma =5 GeV E

4| -1 h(125)—aa, ma =8 GeV _ |

107 £ Vs=13 TeV, 36.1 b n(125)aa, m, = 15 GeV =

— . 2 h(125)—aa, ma = 25 GeV 7

- Combined limit . h(125)—aa, m, =40 GeV

10_5 | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|
1072 10~ 1 10 10 10°

Scalar proper lifetime (ct) [m]
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LL Decays: h — displaced jets in calorimeter @)
Signal ATLAS

e q ° Strategy EXPERIMENT
“00000° (LLP)",< « Search narrow jets with oo HGal
| hor X . g low ECal energy & deposit
q . q no associated tracks
. , . | lttl
“00000 (LLP) <q * Main backgrounds multijet . ECu anoray
target 5= ma = 400 GeV and beam-induced
for 125 = mx = 1000 GeV no tracks
Low-E, Selection ' \
- 05 —— 11— ' 0.007 = 10° Eim— 5
a  ATLAS Simulation | o ' .
5 Vs=13 TeV , , 0.006 § i
$ 0.4 : A: sighal regiomn c
g | ~10.005 T 3
- . 'A — = -_ 7 . o S N A U N it -
L - T, RN o b .
3OS . TEAAELLL o oo 5 ' _
i B A T ] E =
0. [ R R e 10,008 3 E E
e - I o _ ATLAS -
B _: . . . - = - 10=0.002 Q - Vs=13TeV 10.8fb" m, =125 GeV, low-E_ selection .
0.1 - - | = 10T — 100% Bhoas - m,=55GeV ---- m,=15GeV —
. : O = 10% Bh-aa ,=40GeV - - m,=8GeV I
i D C |je-%01 X SR 1% Bhoaa Za= 25 GoV m,=5 Gov .
: LO Lo Loou Loy
: (@)]
% "1 2 "3 4 5 ° 107 1 10
mn = 125 GeV EARmin (jet, tracks) a proper decay length [m]
Ma = 25 GeV arXiV 1902.03094
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Higgs to Light Scalars: h—2a—4b @

Long-Lived Interpretation
This result :, »- t» Dedicated
aI‘XiV:1 806.07355 - e — , 7 ";-:’ |ong_|ived
~~~ o é I 3
S qL / J searches
! — 8 j i
L - 8 2
m - i ATLAS | .
- | : _
O @ =13 TeV
2 10 't | CR#(MS1+MS2) limit —
é - mg, =125 GeV -
o I m, =5 GeV i
o - m, = 8 GeV -
> : m, = 15 GeV
— 1()_2:— m, = 25 GeV —
Qg i —— my=40GeV 3]
% - g' JHEP 10 (2018) 031 ]
© i D&j . —e—m,=20GeV X i arXiv:
2 —0— my=230GeV
1073 : —@— m,=60GeV = 1902'_03094
- ;Illlll 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIE (calorlmeter)
JHEP 10 (2018) 031 104 10 102 10 1 10 102 10° 1811.07370
arXiv:1806.07355 (muons)

a proper decay length [m
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Summary & Outlook

Program of searches for light scalar states at the LHC

 New light resonances

 |Long lived particle signatures

Several strategies pursued

e EXxotic decays of the Higgs boson

e Light states produced in the decays of new heavy particles

e Direct or associated production of light states

Need to continue to explore possibilities to cover full spectrum of options
 Uncovered channels & regions of phase space, gaps in LLPs, etc

f
* Invisible decays — already being explored at the LHC 3 ,<
. f
* Mixed decays — largely uncovered so far _h_ _ = :
e (Other production channels e.g. tta o X
Signatures motivated by broad range of phenomenology <x
 Benchmark models are very useful to guide analyses £ miss
.

 Please let us know if you have suggestions for scenarios to cover!

More results expected soon with full 13 TeV dataset
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Events / GeV

Data - fitted background
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Strategy

Direct searches: a—2y

e Search for a—2y resonance in diphoton
reconstructed mass myy

* (Categorize events based on conversions
Main backgrounds: vy, v, || | hadronic jet
No significant excess observed

95% CL Upper Limiton o, , - B [fb]
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LL Decays: h = Z+displaced jet in calorimeter @)
ATLAS

° Strategy EXPERIMENT
e Search narrow jets with

00000 7 a low ECal energy &
. £ no associated tracks
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/-Dark Signhatures: h—ZqZq—4%
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* Similar strategy as 4y, but including

4e and 2e2u categories

* Main backgrounds electroweak
processes (ZZ, h—//*, etc)
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ATLAS

EXPERIMENT
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