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The Standard Model of Particle Physics

Fermions (spin 1/2):

« 6 leptons (plus anti-
particles)

e 6 quarks (plus anti-
particles)

e Ordered in 3 generations
with increasing mass

Bosons (spin 1):

e Photon — electromagnetic
interaction

« W*,Z — weak interaction

e Gluon — strong interaction

Boson (spin 0):
o Higgs boson — excitation
of Higgs field
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Experimental discovery

[ATLAS-PHOTO-2019-009]

ATLAS

EXPERIMENT

Key particle discoveries
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Higgs boson discovered in 2012, completing the Standard Model.
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Precision measurements of the Standard Model

[ATL-PHYS-PUB-2020-010]

Standard Model Total Production Cross Section Measurements status: May 2020
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Open questions remain!

e The Standard Model (SM) is a very successful theory and correctly
describes electroweak and strong interactions.

— e.g. correctly predicting anomalous magnetic moment of electron to a relative
precision of 10%°, in agreement with experiment.

e On the other hand also general gravity tested very precisely, but not both
theories work at very small scales/very high energies = Planck scale.

Questions:

Neutrino masses? Are neutrinos Majorana particles? Sterile neutrinos?

What is the origin of fermion generations, masses, mixing, CP violation?

Why does matter dominate over antimatter in the universe?

Primordial expansion of the universe in inflation - what is the role of the Higgs
field init?

What is Dark Matter in Universe composed of?

Higgs boson as only scalar O particle very special in SM - further scalar
particles? Hierarchy problem?
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Open questions remain!
I

e The Standard Model (SM) is a very successful theory and correctly
describes electroweak and strong interactions.

— e.g. correctly predicting anomalous magnetic moment of electron to a relative
precision of 10%°, in agreement with experiment.

e On the other hand also general gravity tested very precisely, but not both
theories work at very small scales/very high energies = Planck scale.

Questions:

What is Dark Matter in Universe composed of?
Higgs boson as only scalar O particle very special in SM - further scalar

particles? Hierarchy problem?
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The Higgs (sector)
B
Higgs boson as scalar particle special in SM
— Elementary particle?

— Are there other scalar particles? - Many extensions of the SM predict
additional Higgs bosons.

— Precise shape of Higgs potential?

— Hierarchy problem:

e Mass of Higgs boson might receive !
large loop corrections. = O .-
« Corrections depend on the cut-off scale
of the theory — possibly as high as Am,~—AZ,
Planck scale at 10'” GeV
S
é Measured value of Higgs mass at 125.1 GeV .’f oo S
H \.‘ fJ’

—_ e e D == - = = =

The Higgs boson might serve as window to phenomena ,
beyond the SM! Amyg~Ay,
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Dark Matter (DM)

Existence of Dark Matter established by
many cosmological and astrophysical
observations, e.g.:

e Rotation curves of galaxies,
e Gravitational lensing,

« Measurements of anisotropy of
cosmic microwave background.

!

Ordinary (baryonic) matter: ~5 %
Dark matter: ~26 %
Dark energy: ~69%

[(9002) 60T1 ‘819 °f "sAydosisy “|e 312 amo|d *d]

No candidate for (cold) Dark Matter in the
SM.
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Possible solutions?
N
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One popular solution: Supersymmetry (SUSY)

« Symmetry between fermions and bosons.

« Supersymmetric partner particles to every Standard Model
particle.

Neutralinos

— Roughly doubling of
number of particles wrt
Standard Model in the
Minimal Supersymmetric
Standard Model.

Squarks
+

sleptons

Extended Higgs sector necessary.

Charginos

Supersymmetric partners of W, Z
and Higgs bosons mix to charginos

) Gluino
and neutralinos.

Minimal Supersymmetric Standard Model (MSSM)

Gravitino
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Properties of SUSY particles

e SM and SUSY particles ordered in supermultiplets.

— SM particles and their SUSY partners have the same quantum numbers
except the spin (differs by +- %)

o No SUSY particles seen yet.
— SUSY cannot be exact, but needs to be (softly) broken
(such as not to introduce new quadratic corrections to the Higgs mass).
— Certain SUSY particles expected to be relatively light.

e SUSY theories in general allow the decay of the proton
— Not observed (strong limits ~ 10333 years)
— Introduce (ad hoc) multiplicative, conserved, quantum number: R-parity

-~
+1  SM particles Lightest SUSY particle (LSP)
R = (-1)3BL+25== stable

-1 SUSY particles
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SUSY solves some of the open questions!

Lightest SUSY particle might be a Dark
Matter candidate

...if R-Parity conserved...

Higgs mass might get stabilized
...as new loop corrections with
opposite sign
— possibly solution of the hierarchy
problem, if SUSY particles not too
heavy.
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Natural SUSY

B
In MSSM stop masses enter at one-
A m loop level into Higgs mass matrix,
gluino masses at two-loop level and
] e the higgsino mass parameter p at
B o tree level.
= W frrinizizi:
™
=1 = o — Natural SUSY models feature
S ) relatively light stops, gluinos and
= g higgsinos.
S -
a V| o tr tr
o L R N
= I br, g
— ~ T~
H ot At 2-loop
Y W A ——— —_—)
natural SUSY decoupled SUSY
' Pl
TR SN X1 1-loop
_____ I —_—)
tree-level
>
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LSP not the only candidate for Dark Matter

[https://www.nature.com/articles/nphys4049/figures/1 from 1
Nature Physics volume 13, pages 224-231 (2017)] Man_y eXtenSIOnS .beyond the SM
) SonserdaRimeiiexeaniiibispaides provide DM candidates, not only
SUSY.
1018 4
10" .
107+ ol — Comprehensive search program
=iy b by different experiments, and using
L different methods necessary.
1072 - Neutrinos WIMPs: ‘g
’j:C; 1076 Neutralino _—'ﬁ‘_’ E
S ]
1042 T — g i
107" o E LHC ..
-18 | o
1872} ] Axion - - collider .
10724 - Axino =
107%7 A Super WIMPs: 8 f X
o |y gy 2 - XENONTT,
ox ) S 2 ¢ LUX, Panda-
S PP N A R N N W S < X, Picasso...
KRR I IR I I SIS B T R R U s
Mass (GeV) é f X‘,

indirect

Fermi-LAT, MAGIC,
Planck, H.E.S.S. ...
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https://www.nature.com/articles/nphys4049/figures/1

Open questions considered in this talk
I

e SUSY as solution for the hierarchy problem arising from the scalar nature
of the Higgs boson?

— Searches for SUSY particles and specifically for SUSY particles coupling to
Higgs boson.

e Coupling of Dark Matter and Higgs sector?
— Search for Dark Matter in association with a Higgs boson.

o Are there additional Higgs bosons?
— Direct searches for further Higgs bosons.

— Reinterpretation of precision measurements of the Higgs boson in extensions
of the Standard Model.
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Large Hadron Collider (LHC)

Genf Geneva

Schweiz  Switzerland

* Frankreich France

&
Genfer See Lake Geneva
- %

CMS
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https://www.weltmaschine.de/service__material/mediathek/lhc

Large Hadron Collider (LHC)

26.7 km circumference, about 100 m below surface.

Design center-of-mass energy 14 TeV, reached 13 TeV.

Design instantaneous luminosity: 1 x 10** cm™ s (already surpassed).

Two successful data-taking periods: Run-1 (2010 - 2012) + Run-2 (2015 - 2018).

N X
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https://www.weltmaschine.de/service__material/mediathek/lhc

Large Hadron Collider (LHC)

o Various experiments at four interaction points.
o Two general purpose experiments: CMS and ATLAS.
— Doubling of dataset & cross-check of findings.
« Available data for analysis from Run-2 (ATLAS): 139 fb™!

Genfer See E E
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https://www.weltmaschine.de/service__material/mediathek/lhc

ATLAS detector

z‘-ﬁ : II;""I‘, g \ ) A |
25m \— o N /

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiafion tracker
Semiconductor tracker



EXPERIMENT

355848

SATLAS

1343779629
2018-07-18 03:14:03 CEST

Run:
Event:



Missing transverse momentum: E_™

Invisible particles to the
detector (like neutrinos
or dark matter particles)
result in a momentum
imbalance in the
perpendicular plane to
the proton-proton

beam
pipe

Y .". \'. l.l'\ll I"-‘;.".
s ﬁEI “—underlying
=i |

M | event
collision : ]
o underlying N
=> missing transverse event
momentum (E.™) bins

Calculated using the x- and y-components:

Emiss _ Emiss,p 4 EMisse | Emiss,y 4 EMissT Emiss,je(s + Emiss,soft }’C:'r'
x(y) x(y) x(y) x(y) x(y) x(y) x(y)

The soft term is composed of all tracks or energy deposits not associated to a
reconstructed particle.

ETmiss can also arise from mis-measurements
— Important to minimize!
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What can we measure at the LHC?

B
proton - (anti)proton cross sections
e Predictions for processes of the 10" g 10°
Standard Model 10° [ o 4 T
(cross section is measure on how w | Tevaron  LHC 410
frequent a process occurs) i : :

e Need to run complex algorithms

£

10° ¢ Jiw~, 3

10' b 4 10 Eﬁ

« Higgs boson productions: oF 1%
1 Higgs bosons in about 10*° 2 F 1 E
collisions g0k 710 2
(e.g. in 2017: about 3 million collisions o h
per second) o' [ 140" 5
:

S

5
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i
mn

[
v
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o
2

events / sec for £ = 10* cm?s

during data-taking to filter processes { 1"
. . 10'5 :_ MH=1 25 GeV _ 105
we are really interested in.... ; : 1
— Trigger 10° ¢ g o 3
1070 .1 WJSEO‘: 2 L -II ! . L | I‘II{] ! . . 107
: , .
Maybe unknown physics down there? — Js (TeV)
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supersymmetric
particles




Searches for supersymmetric particles

Em'—“ v

= AL — 8 TeV
Higher cross sections for E R e 13-14 TeV
(strong) g

than PE\ ) i §

for (electroweak) i\ 99
production of ' 37
charginos/neutralinos o X7

e Mass dependent.

.l. * "4 *i
Fe, I l |""l... 1 |.I"'|'|.|r 1 1 1 1 |

1 1 1 - -
500 1000 1500 2000 2500

rIII1|:>.:|r|iu:|-: [GEU]
[http://inspirehep.net/record/1326406]

10°

Searches for gluinos/squarks were more accessible in first Run-2
data, while searches for charginos/neutralinos profit from the full
available dataset.
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Supersymmetric models

In case of MSSM 124 free
parameters!

We cannot deal with that many

free parameters!*
*but sometimes we at least look at
certain reductions, like the pMSSM
with 19 parameters

Simplified model

!/

Usually only s ‘o
look at a P "
specific decay >x,q/ = 42!
chain —— T .
—r q X1
p ? . W

—X J
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Many different simplified models

=+

=> Very different experimental signatJFes to look for!*

* We can get back to complete SUSY model by combining different simplified
models/signatures.
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Example signature

E. g. strong production of gluinos:

§“‘\\\“\“““""m”i”,’fg Possibly leptons
£ \\\\\‘?\vu,/ . .
Y LS ngh’_cest supersymme.trlc .
~ 1 partlcle.(LSP): sta.ble in R-parity
conserving theories
— missing transverse
X1 momentum

S\\“"”,I:ﬁ: )
JUS — Jets + leptons + E_ M

N)
Wy, o
U
nin Jet S

30

17.06.2020 J. Lorenz, Search for New Physics in association with Higgs bosons



Distinguish signal from background
I

Use kinematic variables to
separate signal from
background

(— signal/search region).

trigger threshold

SM (background)

Some analyses just use “sighal region”
simple combination of cuts
on kinematic variables

— 'cut-and-count’,

SUSY

Others do shape analyges or My = > prt S pp+ EX
use e.g. machine learning [ I LepEons
techniques.

m_. particularly important in searches
for gluinos and squarks
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Search for gluinos/squarks in final states with a lepton

B [Phys. Rev. D 96 (2017) 112010]

Requiring an isolated electron or
muon helps to suppress the
large multijet background at
hadron colliders
— Generic sensitivity to
supersymmetric model with
leptons in the decay products.

s 10— WRET R
[0) = ATLAS o Data W-jets
Gl % Total SM ,
o 103L-15=13TeV,36.1 1"~ ¢ [ Diboson
B = SR6Jb-veto  g@Singletop  Others
; 18 e Mm@ 70)=(1545,785,25) GeV
= Ennim e oot m(q¥, % )=(1125,575,25) GeV
5 = 1M
> B T
L 1 0 R R IR S BEET A=t R S S
; 8 2 VIIIIIIIA‘ e e L e e
V

% oF R TR ] L LT _;
5\3 17/' b

4] 7 + Z
o

2300 2833
m., [GeV]
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Search for gluinos/squarks in final states with a lepton
I [Phys. Rev. D 96 (2017) 112010]

» — —
2] F T =
S 80 ATLAS Preliminary & Data ~= Total SM : —
> 20F Is=13TeV, 36.1 b tt B Single top . =
2° = 1 e/ +jets + T B W-jets B Diboson : =
O 6oE A Others : =
— - / —
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8 o A P 3
- ' =
E 50 ' -
== 1 -
> - ] =
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~
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NETOTITT 200008 T X950 2288 x0TI 3000 0 @ o
rX3858 3322222883853 32388akbz223xd888 23333 €
NS L0 badbdaf 0 D080 xxx 22000 S35 T oadbao o 0 n
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) Coxoaxdc:E D990 3338 DPH5BH® oo o
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wn n ) N n on

30 different search regions with requirements on different kinematic variables (jets
or b-tagged jets, m ,and m. = \[5 o\ 7 (1—cos([A ¢ (B}, 7)) )-

Simultaneous fit of search regions allows to search for shape differences between background
and signal.
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Essential to estimate the backgrounds
B

o Reducible backgrounds: backgrounds with another final state in comparison to the
signal.
 Irreducible backgrounds: backgrounds show the same final state as the signal.

Standard Model

Top, multijets
vV, VV, VWV, Higgs
& combinations of these

T E ) T Reducible backgrounds Irreducible backgrounds

all regions and : . . .
backaroundsand Determined from data Dominant sources: normalise

incl. systematic Backgrounds and methods MC in daFa control regions
exp. and theor. depend on analyses Subdominant sources: MC

uncertainties as
nuisance
parameters

Validation

Validation regions used to
cross check SM predictions
with data

. . blinded
Signal regions
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Search for gluinos/squarks in final states with a lepton

B [Phys. Rev. D 96 (2017) 112010]

G-0 — QaQEWWZ %, x = (M(T,) - m(E.) ) / (m(@) - m(X)) ) = 1/2
;‘ 2000 | I | I I | I | | | I I | I I 1 I A-'I_LA‘é 13'Tev' 3 2'fb_1 | ]
2 — ATLAS , e .
('2' 1800 [ 7 - observed ]
Fod ~  {s=13TeV, 36.1 fb" 7
- 1600 - ' i . - ==+ expected =
- le/u+jets+E ) ATLAS 8 TeV,20.3fb"
1400 [ 555 Observed limit (+1 ofhgfr\;) ) observed =
[ - -~ Expected limit (+10,,,) ’ expected .
1200 — ’ —]
— Al limits at 95% CL g .
1000 [— —
800 —
600 | — ,
- ] Exclusion
400 | — limits up to
200 o u 2.1 TeV on the
E a gluino mass
2500
my [GeV]
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Search for gluinos/squarks in final states with a lepton

[Phys. Rev. D 96 (2017) 112010]

G-0 — QaQEWWZ %, x = (M(T,) - m(E.) ) / (m(@) - m(X)) ) = 1/2
; 2000 | I | I I | I | | | I I | I I 1 I A-'I_LA‘é 13'Tev' 3 2'fb_1 | ]
2 — ATLAS , e .
('2' 1800 [ 7 - observed ]
Fod ~  {s=13TeV, 36.1 fb" 7
- 1600 - ' i . - ==+ expected =
- le/u+jets+E ) ATLAS 8 TeV,20.3fb"
* 1400 =55 Observed limit (+1 Cpneony) observed B
| ——= Expected limit (+16,,,) ,,’/ expected 7]
1200 — —
— All limits at 95% CL ]
1000 [— —
800 —
600 | — ,
- ] Exclusion
400 | — limits up to
200 o u 2.1 TeV on the
E a gluino mass
Ir_nsgss 2500
my [GeV]
-
Gluino mass
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Search for gluinos/squarks in final states with a lepton

[Phys. Rev. D 96 (2017) 112010]

G-0 — QaQEWWZ %, x = (M(T,) - m(E.) ) / (m(@) - m(X)) ) = 1/2
;‘ 2000 | I | I I | I | | | I I | I I 1 I A-'I—LA-é 13'Tev' 3 2'fb_1 | ]
o — ATLAS , e _
('2' 1800 [ 7 - observed ]
T C {s=13TeV, 36.1 fb" 7 N
= 1600 — ' " L - ==+ expected =
- le/u+jets+E ) ATLAS 8 TeV,20.3fb"
1400 [ Observed limit (+1 cf;;j;;) observed =
| ——= Expected limit (+16,,,) 7 expected 7]
1200 — —
— All limits at 95% CL ]
1000 — R —
800 :_ ................ _:
600 | — ,
- ] Exclusion
400 | — limits up to
‘ ] 2.1 TeV on the
200 — .
a gluino mass
500 1000 1500 2000 2500
my [GeV]
Parameter space excluded by
previous analyses.
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Search for gluinos/squarks in final states with a lepton

I [Phys. Rev. D 96 (2017) 112010]
2000 G-0 — QaQEWWZ %, x = (M(T,) - m(E.) ) / (m(@) - m(X)) ) = 1/2
;‘ | I | I I | I | | | I I | I I 1 I 1 -1 J I I P} | ]
)] — A TLAS ’ ATLAS 13 TeV, 3.21b .
(,2, 1800 [ . - observed ]
s ~  {s=13TeV, 36.1 fb .
& 1 600 — : miss -7 == - expected —]
- lelu+jets+E ATLAS 8 TeV, 20.31b" -
1400 [ Observed limit (+1 cf;;j;;) observed =
| ——= Expected limit (+16,,,) expected 7]
— All limits at 95% CL .
1000 | -
800 [— —
600 — — .
- ] Exclusion
400 | — limits up to
= ] 2.1 TeV on the
200 — .
..... 1  gluino mass

N
(&)
o
o

500 1000 1500 2000
my [GeV]

Expected exclusion (] plus uncertainties |j)
of parameter space if SM realized.
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Search for gluinos/squarks in final states with a lepton

N [Phys. Rev. D 96 (2017) 112010]
g9 — qqquWx x X = (m(x ) - m(x ) )/ (m(g) - m(%?) )=1/2
; 2000 | I I I I I | | I I | I I 1 I 1 -1 J I I _1| ]
Q — A TLAS ATLAS 13 TeV, 3.21b ]
('2' 1800 [ -observed ]
W ~  {s=13TeV, 36.1 fo’' Z
= 1600 = i - -+ expected -
- Teusjets+ B ATLAS 8 TeV, 20310
1400 [~ = Observed I|m|t (+1 GtShLifxl) /,' observed =
| ——= Expected limit (+16,,,) expected 7]
— Al limits at 95% CL =
1000 — —
800 [— —
600 | — :
- ] Exclusion
400 | — limits up to
200 =0 E 2.1 TeV on the
a gluino mass

500 1000 1500 2000 2500
my [GeV]

Observed exclusion (' plus uncertainties [
of parameter space given the data.
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Searches for charginos and neutralinos

B
A
~0 ~0 ~+ ~
X3 X% X3 X4
-0 ~+ -0 ~+
m . X9 Xi X3, Xa
:
1
1
1
On- A ~0 -0 <0 ~+ —en-
hell XY ¥, %9, X3 Only !ow en
she ergetic decay
W,Z h products
Wino-Bino scenario Higgsino scenario

Depending on parameters in the SUSY model, mass difference between LSP and
lightest charginos/next-to-lightest neutralinos sizeable (so that on-shell emission of
W, Z, h possible), or very compressed mass spectrum.
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Often a Higgs boson is created in
decays of neutralinos.

Discovering corresponding
sighatures would explicitly link Higgs
bosons with supersymmetric
particles.

Necessary for SUSY solving
hierarchy problem!

Different signatures depending on
decay of Higgs:

« Hadronic (with bb),

e 1e/u+bb,

e Two same-sign leptons,

e 3 leptons,

e le/u+yy

— different searches
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Event in a signal region of the fully hadronic search

ATLAS

EXPERIMENT
Run: 306384

Event: 3183769960
2016-08-16 02:49:59 CEST
SRHad-High
- -
ry
ol i L

Phys. Rev. D 100 (2019) 012006]




1 lepton + 2 b-jets (139 fb)

N [arXiv:1909.09226, accepted by EPJ C]

Define nine regions in the phase space with
different kinematics due to different mass
differences between charginos/next-to-lightest
neutralino and LSP

— low mass, medium mass, high mass

2 & SsRL
O

e Require invariant mass of two b-tagged
jets to be close to Higgs mass.

e 42

SRMM3 | SRHMS |

SRLM2 | SRMM2 | SRHM2

/K\’ SRLM1 | SRMM1 | SRHM1

| mcT ’ v mr
. . > ~1 Suppression of backgrounds
Suppression of tt backgrounds mr with W bosons
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1 lepton + 2 b-jets (139 fb)
N

[arXiv:1909.09226, accepted by EPJ C]

Number of events

10

—

| I
ATLAS ¢ Data = Total SM
¥s=13TeV, 139 b z

1e/u+bb+ET™ B W-+jets [ Di-/Multiboson

it I Single top

Others

Slight overshoot
in data, but
consistent with
background
expectations.

|
N O N

Significance

VR-offLM

VR-offMM

s = s = = = [ = = = = o =
o ;< - , = T T B
N §§5§?5§§’5§% s = =
= > = 3 s 2 = = = 7 = X
i 5 3 S 3525352 ¢ 7 o
5 2 ¢ € 2 x5 gz 700

o @? P T g w P

17.06.2020

J. Lorenz, Search for New Physics in association with Higgs bosons 44



Searches for neutralinos with decays to a Higgs
- [ATL-PHYS-PUB-2019-044]

Nice complementarity of the different searches:

1 e/u + bb covers
bulk of the plane.
Strong limit since

-~

~0~+ ~0~0 -1 o o

- i i L P R P e small uncertainties.
Same .Slgn 8 400: ATLAS Preliminary All limits at 95% C =
analysis = = 116 [arXiv:1909.09226] ~ =ees Expecte .
sensitiveto < - 350:_ Olbb [arXiv:1812.09432] L =

1t C o 1Ibb [arXiv:1812.09432] . =
lower masses g 300K 1lyy [CONF-2019-019] Lemmmana S i —
and smaller - [ [arXiv:1812.09432] L7 N w
mass splittings. D5 — thylariv:1812.09432]  ,° : . =

Hadronic analysis
covers high

" AT | Rl L A G (i L i 0 il e neutralino/
200 300 400 500 600 700 800 900 chargino masses.

M) [GeV]
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Search for Dark

Matter In i\ 7 iﬁ'bL
Associlation with - \/

a Higgs boson

S—



Dark matter models at colliders
I

q

X

Or detect dark
matter particles in
decay of other new
particles

— specific
models/extensions
of the SM (like
SUSY).

Dark matter

particles invisible
to LHC detectors

B S this signature >

cannot directly be

detected

q

Initial state emission =
recoils against dark matter
particles.

Generic model good for
sizable cross-sections, a
priori no assumptions on
specific model.

17.06.2020
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Dark matter models with mediators
I

?
q X d X
—————
Mediator
particle
d X d X
Mediator particle can be SM particle (Z or H) or a new particle - e.g.spinl1or0

q q y W,Z
1% H
v

q X

| q
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Search for a Higgs boson in association with Dark Matter

. [ATLAS-CONF-2018-039] :

Emission of a Higgs boson from the colliding
partons Yukawa suppressed

— Detection of DM in association with Higgs boson
in final state would directly probe coupling of DM
sector with Higgs sector

— Search for Higgs boson decaying to bb + E ™ in
a final state without leptons.

Two cases:

o Good separation between b-tagged jets, so that '°0 =M =s00cey >*. ------ <
they can be resolved.

e b-tagged jets merge into a large jet = mass of
large jet corresponds to Higgs boson mass, the
two b-tagged jets are identified from tracks “>". h
composing the large jet. MET> 500 Gev L w7y
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Search for a Higgs boson in association with Dark Matter
I [ATLAS-CONF-2018-039]

Exploiting E_™ distribution and invariant mass of the two b-tagged jets.

c . -|----|----|----6----|----u----_ >60_'|'"|"'|"'|"'|"'|'|'3'|"'|"'"'"'|_
r— — t — E = i |
< 10" ATLAS Prellmln?ry EZ::E E 8 - ATLAS PreI|m|r1_1ary ;Smh =
0 10° fﬂ =.1ﬂ:3 g:r\;;rn.afb- -ﬁ_,_lsingb top B o 50F Vs=13TeV,79.8 b [ Diboson -
o 2b-tags Eg;f;in E f - SR (Merged) : 0 lepton Eltzt ;;':9'9 op ]
7 C ET 5 500 GeV ; a
4 10° [ M v B L 40 20-1ags [ Wi e

o Background Uncertainty E (o= XX Background Uncertainty
== T Pre-fit Background - CI>J BE  di 0 5 i oo Pre-fit Background A
10 — - mono-h Z'-2HDM = r =« mono-h Z'-2HDM il
my = 1400 GeV, m, = 600 GeV = LU 305 m, = 1400 GeV, m, = 600 GeV]
gy = 3.75 10 . B 6. =375 5
103 Signal — S, < Signal i
; 20 < =g
10? R n
10 __+__| .
10 | el

C - -

0 0_ d—l'l-"l-l P IR I N Wi FFI-I-U—-——I—_I—l-I—L-I—I_I—I:—_S
212;I T 1T T 1 T 1T T 1 IIII|IIII|IIII|IIII_: %1.5;_I I I I | ! I : T I L : . ' : . ! ) | _f
% 1Ee _ e . ® IR %\\\\\\\\\\\WMW\' \};X\\
"&j' E w‘b\ Z g 053— —+— | —— | : | —E
D D'S:I | 1 | | I | | I | | 1 111 | | I 11 | 11 I— = I ; : I : I i I I ; I : I =

500 300 400 500 600 700 800 50 100 150 200 250

ET™® [GeV]
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Search for a Higgs boson in association with Dark Matter

. [ATLAS-CONF-2018-039]

Limits set on mass of mediator (Z’) and Higgs boson A.
Dark matter mass fixed, as well as coupling strength
and mass of other Higgs bosons.

; 1 OOO E I | I I I I I I I I I | I I I I | I I I I | I I [ I | I 3
- o i
0 - ATLAS Preliminary Obselvec orolCL e 1
~, 900 A e Expected 95% CL (+10)—
P iz s —-- PRL 119, 181804 5
= 800 :— h(bb) + ETSS: 7Z’+2HDM simplified model —: Fixed
~ [tanp =1, gz = 0.8, m, = 100 GeV, my = my- = 300 GeV |a—" "€
700 -
600 — —
500 =
4001 =
L /] b e
500 1000 1500 2000 2500 3000

mz’ [GeV]
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Comparison to non-collider dark matter searches

O [JHEP 05 (2019) 142]
C\E' - 34 =ATLAS Vector Z'
For specific models S. o el medtor Dirao D
and parameter S | rhmomanomd
assumptions S F e e
. T 7 Eur. Phys. J. C 78 (2018) 565
comparison between B ATLAS Z baryonic I A e
H H » 3 PLB 776 (2017) 318
collider and direct c A LAS Vocior 2 e o
~———— N
d etecpon . § Z' baryonic, Dirac DM
experiments possible 1 sin6-03,g -1/3,g =1
= | Phys. Rev. Lett. 119 (2017) 181804
E 3 Phys. Rev. D 96 (2017) 112004
. C 4 =~ ATLAS Scalar
- CO”’der 1074 E 3 Scalar mediator, Dirac DM
experiments cover B . 1 9 =19,=1
_45 Pl Eur. Phys. J. C 78 (2018) 18
dark matter masses 10 EE EE _Engﬁ?igﬁ-z?(gm)omsw
down to 1 GeV in 6 [ ] =—CRESST Il
the se mOd e I S 10 ATLAS ATLAS limits at 95% CL, ;’(XE;\*’I"E-)"[O\‘I‘?T
Vs=13 TeV, 29.3-37.0 b direct detection limits at 90% CL Phys. Rev. Lett. 121 (2018) 111302
10747 e s gEgPandaX
1 10 10 10 Phys. Rev. Lett. 117 (2016) 121303
mx [GeV] FI'_htsJ.)Ffev. Lett. 118 (2017) 021303
Comparison only valid for a very specific ATLAS limits at 95% CL,
o ogeo 1 1 1 H 0
model Wlth Specrhc parameters! : direct detection limits at 90 AJ| CL
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Comparison to non-collider dark matter searches

For specific models
and parameter
assumptions
comparison between
collider and direct
detection 10
experiments possible

o, (x-nucleon) [cm?]

— Collider 104
experiments cover

dark matter masses 107
down to 1 GeVin 1046
these models E

| 0—47

IIIII|T|'| IIIIII|T| T TTIT

ATLAS
E.= 1:.3 T.e\./’ .2.9.':.3]37'0 ﬂ:)_1 0

[JHEP 05 (2019) 142]

=—ATLAS Vector Z'

Vector mediator, Dirac DM
9,= 0.25, 9= 0, g = 1
Phys. Rev. D 96 (2017) 052004
Phys. Rev. Lett. 121 (2018) 081801
Preliminary ATLAS-CONF-2016-070
Phys. Rev. D 98 (2018) 032016

Eur. Phys. J. C 78 (2018) 565

Eur. Phys. J. C 77 (2017) 393

JHEP 01 (2018) 126

PLB 776 (2017) 318

JHEP 10 (2018) 180

==ATLAS Z' baryonic
Z' baryonic, Dirac DM

sin6=0.3,g =1/3,g =1
Phys. Rev. Lett. 11912017) 181804
Phys. Rev. D 96 (2017) 112004

= ATLAS Scalar

Scalar mediator, Dirac DM
gq = 1, gx =1

Eur. Phys. J. C 78 (2018) 18

—DarkSide-50

Phys. Rev. Lett. 121 (2018) 081307

—CRESST Il

arXivi1904.00498

—XENONI1T

Phys. Rev. Lett. 121 (2018) 111302

SENoNT

ATLAS limits at 95% CL,
direct detection limits at 90%I CL

1

Comparison only valid for a very specific
model with specific parameters!

BB PandaX

1 02 1 03 Phys. Rev. Lett. 117 (2016) 121303

—LUX
mx [GeV] Phys. Rev. Lett. 118 (2017) 021303

ATLAS limits at 95% CL,
. direct detection limits at 90%I CL
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Searches for
further Higgs ENTEET
bosons




More Higgs bosons?
B

Many extensions of the Standard
Model predict more than one Higgs
boson:
 E.g. Two-Higgs-Doublet models
(2HDM) predict 5 Higgs bosons: two
neutral CP even (h, H), one CP odd (A)
and two charged Higgs bosons (H*).

— SUSY is an example for a 2HDM.

Search possibilities?
e Reinterpret precision measurements of
the Higgs boson.

e Direct searches for additional Higgs
bosons.
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Measurements of Higgs couplings & reinterpretation

B [Phys. Rev. D 101, 012002 (2020)]

Since discovery of Higgs bosons gp T
H - ATLAS |
precise measurements of cross % 1e (B e 13 TeV, 245798 g
sections, decay widths,... E““Tf S M- 12509GeV, b, <25.pg, = 78% '
— Possible to search for gt T SM Higgs boson , .
discrepancies between - ]
theoretical predictions for the 102 s —~
SM and measurements. - T —es%CL
10‘35— P 95%CL
Deviations in cross sections and - [ iy(m,) used for quarks
decay widths can be parametrized } 0% e =
in the k-framework £ LE E
oSM 2. 3M 2 ZLL - i_ { _;
(- BR)(i — h— f) = —t ! L B g’}“
F}?M Ky 0.8F 3

10" 1 10 102

— K’'s at 1if at SM value Particle mass [GeV]
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Measurements of Higgs couplings & reinterpretation |
B [Phys. Rev. D 101, 012002 (2020)]

Parameters in the k-framework

can be re-parametrized ATLAS [ Obs. 95% CL
Vs=13TeV,245-798f" e Exp. 95% CL

assuming an extension of the
my =125.09 GeV, ly | <25
SM. hMSSM

— E.g. hMSSM, which is a
simplification of the MSSM,
where only the Higgs sector is
relevant, all other parameters 10
are assumed to decouple
kinematically.

tang

— Relevant parameters at tree
level m, and tanf3

.
b
| | | 1 1 (| 1 1 | | |

! Co | | |
. 200300 400 500 600
— Precision measurements

translated into constraints on m, [GeV]
the hMSSM.
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Constraints in hMSSM

Reinterpretation of coupling
measurements

60

40
30

[ HA>w

= ¥s=13TeV,36.1 10"
JHEP 01 (2018) 055

[T H-Swv

— ¥s=13TeV,36.11b"

JHEP 09 (2018) 139

tan B3

&

)

o

C i IO H-tb A

omparison 20 ¥s =13 Tev,36.1 b £

. . = S= ev, . s

with direct JHEP 11 (2018) 085 %
searches for B o 5%
heavy H| ggs arXiv:1907.02749 [hep-ex] % 3'
] ) H— 22— 4lfivy o
bOSOﬂS — Vs =13 Tev,36.1 10 551:3
o — Eur. Phys. J. C (2018) 78: 293 L‘g ?
— in most ATLAS Preliminary oA 28
parts of hMSSM, 95% CL limits JHEP 03 (2(;18)I174 'E g
- 3 H—> WW— v - N
parameter — gbser;’e: - 13 TeV, 36.1 " 3d
i === EXpecte - Eur. Phys. J. C78 (2018)24 D &
space coupling R 24
measurements _ — bb v/, 8 X
s-13Tev,27.5-361%" 8B
more pOWGFfUl arXiv:1906.02025 [hep-ex] g =
=== hcouplings [k, k. k] & &
s =13 TeV,36.1-79.81 " EE

l arXiv:1909.02845 [hep-ex]

1000 2000
m, [GeV]
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Summary
B

Many open questions in the Standard Model directly or indirectly
linked with the Higgs boson:

« Why is the mass of the Higgs at the value it is?
e |s there a link between Dark Matter and the Higgs boson?
o Are there more scalar particles?

Comprehensive search program at the LHC

— Supersymmetric particles, Dark Matter particles, other extensions of
the SM.

— Nothing found yet, but promising avenue for the future (colliders)!
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Backup

|2.8 BILLION YEARS AGO, [ ez 77 ML
A FEW SECONDS BEFORE THE 7 All set.
CREATION OF OURUNIVERSE Lets fire up this

- , Large Hadron Particle

Collider and see
what happens!
10
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Scales
e

Matter

Crystal

PROTON
NEUTRON

Nucleus
Elementary

particles

No

ELECTRON

Nucleon

o

U’@
Macroscopic 10°m 10m 10“m 10%m <10®¥m

17.06.2020 J. Lorenz, Search for New Physics in association with Higgs bosons 61



Excellent performance of LHC and detectors

B [https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2]
= N | | | T
« 156 fb* proton-proton 2160 1 as e iaTey
data delivered by the 2140 Preliminary STie e
LHC in Run-2 E 120:_ DLHC Delivered gzltl:;?:riee?i:: :i?’fftl}}'
= Physics: 139 fb'

(2015 -2018).

e Because of inefficiencies
147 fb! recorded.

« Need to require

|_|ATLAS Recorded

—
100 D Good for Physics

(00]
o

Total Integrated Lumi

(o))

o
III|III|III|III|III|III

extremely high quality 40 s
of data - about 139 fb™* 20 :
available for analyses.
0 | |
5a“‘\65\3\‘\53a‘(“\65\3\‘\ﬁga‘f“ﬁ 5\3\‘\13&“‘\%3\3\‘\%

Month in Year
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Particle identification

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
Vli are invisible to
___eu’trlno the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition
Radiation

TFCICI(i ng Tracker
Pixel/SCT detector
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.
v/l ¢
(/v p .

5 [ £ <0
X3 -7 =
TS~ -0
L p> N

(/v

v/l :

Decays of charginos/neutralinos/sleptons often studied in multi-
lepton signatures + E_™: 1

— 2,3 or 4 leptons
— rather clean signatures

But not only!

 Main backgrounds: )
e Irreducible: mainly diboson production, sometimes tt (+ X)

— estimation using control and validation regions
e Reducible: fakes = data-driven background estimation

« Often suppression of top backgrounds by (b-tagged) jet veto
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Searches for charginos and neutralinos

B
A
~0 ~0 ~+ ~
X3 X% X3 X4
-0 ~+ -0 ~+
m . X9 Xi X3, Xa
:
1
1
1
On- A ~0 -0 <0 ~+ —en-
hell XY ¥, %9, X3 Only !ow en
she ergetic decay
W,Z h products
Wino-Bino scenario Higgsino scenario

Depending on parameters in the SUSY model, mass difference between LSP and
lightest charginos/next-to-lightest neutralinos sizeable (so that on-shell emission of
W, Z, h possible), or very compressed mass spectrum.
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Search for SUSY particles in final states with 4 leptons

B [Phys. Rev. D 98 (2018) 032009]

« SUSY models may contain long W
cascade decay chains = possibly very * |
lepton-rich final state.

e Or: Scenarios with R-parity violation
lead to decays of the LSPs with a

> E’ R TAE B S ) ) R PR LT FRER T B
: . . o B ATLAS ¢ Data Bz
pOtenha”y Iepton'”Ch signature. (85 o[ 1s=13TeV,36.1fb" % Total SM [l Higgs
@ L E 4L, Z-veto Reducible ~ VVV
< only low SM background. R e i

BO= a RPV W|no X070
X-_, m(x..%,) = (900,400) GeV

— Search requiring at least four
isolated leptons. Only few further

kinematic criteria necessary to enhance g i
potential signal over background he et ?
—> m_ or E™ : TR e
g 2 -
Sensitive to a wide range of different : 1)/»//////})/%/%/)% W
models! 0 200 400 600 800 100012001400160018%)2\/0]00
My [(G€
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Constraints on gluino pair-production

[Phys. Rev. D 98 (2018) 032009]

I
The analysis is sensitive on

gluino decays in RPV-violating 55 - qaaallivy

. s e B e o o e e e o P 7

Scendarios. (3 i E ATLAS : All limits at 95% CL o B

Eﬁx— ~ Vs=13TeV, 36.11b ﬂ i ]

. - 4 lepton L .

Parameter A controls if LSPs R St B -

. . . — === Expected (£ 10, B 0k |
decay preferentially into tau-rich - 0 A ¥ :
or light-lepton-rich final states. e et - =

1000 [ ',: e
500 |— ,." =
: .............. _‘1{:{':' s :
1000 1200 2000 2200 2400 2600
m; [GeV]
Limits depending on the RPV coupling
67
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Constraints on Higgsino models
I [Phys. Rev. D 98 (2018) 032009]

General gauge mediated:
o Compressed Higgsino states.
o 4 leptons from x°, to gravitino.

5 7hG

I I L T TN AT ‘I' Iy e I JEEE L RN TERORAAL T
o 4 /7

\
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

s -
40 & i ,// ATLAS
- 4 lepton
30 Vs=13 TeV, 36.1 fb”
20 E- & Observed limit (+165.0")
) - === Expected limit (10,
W*/Z* ) 10 | All limits at 95% CL

| I | TR [ W | I | S RS (e | I | SN [ | SR Fhriy R | I | SR N FE | | [RSEEEH ERsmml| [N | I | ERE (R )

150 200 250 300 350 400 450 500
mii/%o [GeV]
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Improved 1 lepton + 2 photons analysis for 139 fb™

BN [ATLAS-CONF-2019-019]

» Re-look at signal regions with excesses in 139 fb.
« Improved background and signal model:
+ Peaking background and signal described by double-sided Crystal Ball functions

« Non-peaking backgrounds (side-band) by fitting  f;.u(x: b, {ax}) = (1 — x%)P xZi-0 % logx)!

« Data consistent with background estimates.

o LEUE 0= o s ) S S 0 R LY 3 >35_'|""|-'-'|-"'S'R'L """"" ]
3 oF ATLAS Preliminary gRt1LW'a = & - ATLAS Preliminary o t1 Yy-b ]
E —¢— Data = C —¢— Data .

o - = 30— - —

< 1= Vs=13Tev, 139" . Non-resonant Bkg —J %: - s=13TeV,139fo" . Non-resonant Bkg -
= e —— Fitted Signal 3 £ 5E — Fitted Signal :
g - SM Higgs = 2 - SM Higgs :
M 6F —— Total = PN —— Total =
55 - : :

Bl T E [ s

2; j& _; 5:_ .......... 3 _E

1= — C ]

OE' [ 4/.\1.\4_41 l [HEPE GRS TS S .lz 0:| I . S B B
110 120 130 140 150 160 110 120 130 140 150 160

m,, [GeV] m,, [GeV]
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Loopholes? Analysis of electroweak searches by Gambit

4 2000
GO0 ATLAS_RJ 3lep

= 1500

[arXiv:1809.02097]

Likelihood combination of various LEP,
ATLAS and CMS searches for
electroweakinos:
— using best possible signal region in case
of the multi-bin signal regions in cases
where no information on correlations
provided, else approximation of full
likelihood of search.

— IR —

= =

o400 o = G

- YT T 1000

3 -

200 500
4 3
0 200 400 600 0 200 400 600
m.+ (GeV) meo (GeV)
8 ! e
400 400
300 {((} e 300 F ):(j ,\‘;
4
S £
3 3 -0
= 200 = 200} Xs ——
% % -0 v
= -0 s = Az x
hl) —_— :\/2 XI h“ —_—
100 F 100
N —
X —
0

Due to little excesses at different places two
interpretations:
e Potential model that could result in the
excesses,
« Shortcomings of current searches.
Conclusion is that current searches are not
sensitive to longer decay chains.

- ng:} production, with e.g.
X5 —>_Z + XWX oW W
- X%Xz_ production, with e.g.
o o WELY > WE+Z+ 1
_ ):éf;’ ])1‘3)4(_111(:t~i(;n,~‘:;~fith e.g. . y
}:ijﬂ +)§1-. XS_—>Z+XZ—>Z+Z+X1
_ }fi X3 produ{:’tﬂlunz ‘Wltli e.g. h
Xo = WHE+XE - W* 4 Z + X1,
oW+ 5 = W+ W gy
_ }:é):r{ prf)—iiuctjgn; Wit]i e.g. o y
{Liju +3§2—>I"1’ “+Z4+xXL X122+
— X3 X3 production, with e.g.
X 2R+ SR WEL R, K 24+ 1
- XT }:2 production, with e.g.

T oOWELRL Qo W+ % = W+ W+ 10

X = Z4+XF 2 Z+WE 4+,
N=h+ 0 =2h+2Z24+9
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Where we might go to with HL-LHC

B [ATL-PHYS-PUB-2018-048]
5&55 _>withagf — 1 e/u+bb+EM™
;‘ B 1 I I I I I I 1 I I I I I I I 1 I I I I I I 1 I I I I I I i
(21 000~ ATLAS Simulation Preliminary - - es% cL exclusion tloy)
S5 | fs=14TeV, 3000 o™ === Sodiscovery :
£ 800 Al limits at 95% CL —
- ",'— \‘ —
600~ .7 1 —
- 'l |} =
| ',—' ______ : _
400_ ‘—"4'— ~“‘ : ]
— '¢ " N : —
— P Phe ) 1 -
B ¢':" ‘l : 7]
200__ ,.",:’ II l. __
e ,* i 1
L .. ' . i
O_ r'L’I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | Il‘I 1 | 1 :I 1 | 1 1 1 ]

200 400 600 800 1000 1200 1400 1600
m(x, X,) [GeV]

Expected to reach limits up to ~1200 GeV for specific chargino/neutralino
decays for HL-LHC
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...and what we could do at future colliders

B [CERN-ESU-004]

Constraints from relic density:
e Pure Wino: 3 TeV
e Pure Higgsino: 1.1 TeV

T T T T . .I ] T T T T
Indirect Detection Pure H|ggsmo 90% CL Direct Detection Projection | Pure Wino
FCC-hh | Indirect Detection |
LE-FCC ] FCC-hh ]
FCC—oh I LE-FCC |
T | FCC_eh ]
) ) ] HE-LHC ]
HL-LHC I 20, Disappearing Tracks . .
———————————————————————————————————————————————————————————— HL-LHC | 20, Disappearing Tracks
CLIC000 ]  Kinematic Limit: v's /2 | TS i e
oo T 2¢. Indirect Reach 3000 Kinematic Limit: v's /2 |
CLIC+500 1 | 20, Indirect Reach
ILC 1 ] — I ]
CliCss0 ] I CliCwo | 1
{f X f N
Pherm sy | Thermal i
1 L L L 1 L L L L
0.1 0.2 0.5 1 2 5 0.1 0.5 1 5 10
M, [TeV] M, [TeV]

Fig. 8.14: Summary of 20 sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.
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