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What we aim for ...

m Review Higgs boson discovery channels
m Review Higgs boson property measurements

m Make the case for Dark Sector States an extension to the Standard
Model

m Discuss selected searches for Dark Sector States
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The ‘Standard Model’

The matter particles
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Why do Things

Weigh?

Newton: ¢‘ b
Weight proportional to Mass F S - + Y
- By F
Einstein: W

Energy related to Mass -

College
LONDON

Neither explained origin of Mass

Where do the masses
come from?

Are masses due to Higgs boson?
(the physicists’ Holy Grail) %%
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Without Higgs ...

.. there would be no atoms

- massless electrons would escape at the
speed of light

.. there would be no heavy nucleil

.. weak interactions would not be weak

— Life would be impossible: everything
would be radioactive

Its existence 1s a big deal!



Skier moves fast:
Like particle without mass
e.g., photon = particle of light

Snowshoer sinks into snow,
moves slower:

Like particle with mass
e.g., electron

The LHC discovered
the snowflake: Hiker sinks deep,

The Higgs Boson moves very slowly:
Particle with large mass




The LHC machine
Proton-Proton Collisions
Heavy lon Collisions

The LHC is a 27 km long collider ring housed in
a tunnel about 100 m underground near
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~ The Underground Cavern
- forthe ATLAS Detector

T i | Length =55m
I s S Width =32 m
b ey Height =35m
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ATLAS Detector at the LHC

3300 Physicists
45 m 550M Suisse Franks
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Muon Detectors

Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Confirming previous measurements or
discoveries

m Before we do new searches, we have to show that we measure accurately what is
already known
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Higgs boson production and decays

The ATLAS CMS Experiments at the LHC have discovered,
independently, a Higgs boson with mass around 125. GeV

using these productions and decay modes
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The Higgs Boson Discovery
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EXPERIMENT

http://atlas.ch
2011-09-14 12:37:11 CEST

Event: 143576946

@ATLAS

Run: 189280
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H 2> WW¥* observation
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Higgs Spin/CP test

O
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Higgs mass measurement

. S — — T
AI TLAS ~-Total Stat. only
Run 1: ¥s = 7-8 TeV, 25 fb”, Run 2: Vs = 13 TeV, 36.1 fb™ Total  (Stat. only)
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H = BSM contribution to the Higgs width

< 9 B L I R R
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The Dark Matter Hypothesis

m Proposed by Fritz Zwicky, based on observations of
the Coma galaxy cluster

m The galaxies move too quickly
m The observations require a
stronger gravitational field

than provided by the visible matter




The Rotation Curves of Galaxies

m Measured by Vera Rubin

m The stars also orbit ‘too quickly’ 7 .
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Sample Rotation Curve: NGC 6503

- NGC 6503 —
- Observed N

Much larger than visible galaxy adius (kps) IERTCHRE




Search for new physics in the decays of
the Higgs boson

m Higgs Discovery confirmed in later measurements

m Measurement of properties consistent with expectations
from the SM

m Now, the questions are :

— Can we search for new physics in the decay of the
Higgs boson?

— QOrin association with it?

— Orin the small deviations in the properties with
respect to the SM expectations?
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m A hidden or dark sector can be postulated
Dark Sector

- The dark sector could couple to the SM

very weakly
Dark Sector as "New Physics” beyond the SM
. Y 7 m Exotic Higgs boson decays have been

proposed as a way to search for evidence of
SM Dark Sector new physics

— In the decay of the discovered Higgs
Mediator boson

— To measure the coupling strengths
between the SM and the dark sector

m Such decays predicted in many extensions to
the SM to explain

Need new force / interaction - Muon g-2 discrepancy
to connect SM to Dark Sector - Astrophysical observation of positron
excess

Dark Matter could just be one example of Dark
Sector State
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Minimal Interactions

m But there physics laws or constraints that SM - Dark Sector
Interactions must respect

e mediators
- Standard Model < > Dark Sector
=T (+gravity) T
€ Huvigr 2 ij T
L D —5 B AL, - HTH(AS + \S?) — Y\ L;HN;
Vector portal Higgs portal Neutrino portal
vector Portal: [Okun; (?alison & [Pattgg Wﬁczek] g
Min. Lagrangian = Manohar; Holdom;
SM Lagrangian Foot et al] 1
+ Dark QED (tr(GG) tepFE Ja+0(dim > 5)
+ “Kinetic Mixing (g)” fa
Axion portal

[Weinberg, Wilczek, KSV/Z, DFSZ]
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Dark Photon Decays = Kinetic mixing gives

matter of electric charge

“Minimal” Decay: “Generic’ Decay: d¢an4 cupiieiias
ot
A A X (not e-supressed!)
If any dark-sector
, Vo matter x has
vla same mixing Y my<2ma, this
operator as pmﬁm’tlmz decay dominates

= tiny width

L ~eamal  Two cases:

= — x stable & invisible

AN — x decays into SM particles,
N LA A'—>2 charged particles
searches at BaBar and KLOE

0 02 04 0.6 08 1.0 1.2 14
my 1GeV)
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Kinetic Mixing - for experiments seeking A" = Il

10-4

N 1073 1072 107" 1

ma[GeVl  arXiV:1608.08632 mp [GeV]
Previous constraints Projections
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Kinetic Mixing — ATLAS / CM

10-14 :

Dark Photon may be prompt or long lived

10¢

107%r

106_-----. v T
| e=108 JHEP 02 (2015) 157

mz, (GeV)

depending of € and its mass

7/24/20

Kinetic mixing parameter ¢
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v-Call L
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Phys. Lett. B 796 (2019) 131
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP02%25282015%2529157&v=a4c69685

The Higgs Portal Phys. Rev. D 90, 075004 (2014)

€ | h l 2 l & ‘ 2 exotic rare Higgs decays
h rare meson decays

m There may be a dark Higgs
boson; then there could also
be a mixing between the SM
Higgs boson (H) and the dark
sector Higgs boson (S)

Dark Photon (A’), or Dark Z (Zd)
same thing ...

The mixing parameter k between H and S, can be extracted from H = Zd Zd - 4,
a unique channel to access this parameter

7/24/20
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Mass Mixing between SM Z and Zd

Phys.Rev. D 88.1 (2013) 015022

m |n addition to kinetic mixing, there could be also a Phys.Rev. D 85 (2012) 115019

mass mixing between SM Z and Zd

4 Oax =caxHX,Z4, (2)
4 : :
4 For operators of type O 4 x in Eq. (2), we will focus on
X = Z. Such interactions are typically associated with
H————7"— 7 mixing. For example, the mass term for Z-Z; mixing can

be parametrized as ez m%Z Zq, with

@
4

Z m
4 mz

H > Z Zd - 4l is sensitive to the kinetic mixing parameter &,
and to Z-Zd mixing parameter 0. Unique channel to extract o

7/24/20 BNL Summer Lectures 2020 by Dr. Kétévi Assamagan (BNL) 39




H—>ZZ7d - 4 leptons

Events / 2 GeV

JHEP 06 (2018) 166

22 _I T | LI | LI | LI LI LI | LB | LI | L | LI I_
2 0 : A TLAS ® Data % Total Background ]
- Ho 77— 4l -z sl zz - 4 =
18F 13 TeV, 36.1 fb” [Jtt+v, v [JReduciblebkg ~ —]
1 6 :_ E; m; =15 GeV E; m =35 GeV _:
E H m;, =56 GeV E
14— —
12 —
10 —
8F —
6F —
4 —
2 —
0

15 20 25 30 35 40 45 50 55
m,, [GeV]

No excess of events found

A constraint on the kinetic mixing parameter
between the SM and the dark sector, and on the
Z-Zd mass mixing parameter could be derived
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T T I T T T I T T T I T T T I T T T I T T T I T T T I T
Data XX Total Background

H—> Zd Zd 2 4 leptons  z..f

[T rrrTrT
4 ATLAS_|
~ - Heavy Flavour [ VVV/VBS 13 TeV, 36.1 fb™
3‘0.01.2_—-22_>4I B i 227 - 4l H— XX — 417
> 102 E T T T T I T T T T | T T T T | T T T T I T T T T | T T T T I T E "g : :
8 = ¢ Data = Total Background ATLAS 3 2 001~ _
Z - [DReducible bkg [ Z+{VJ/¥/Y) 13 TeV, 36.1 fb™ w C :
@ [ C3JVVV/BS B H—ZZ* 4 ] i E
g 105 EmZZ-4 £53m,=15 GeV H— XX -4l 0008 \ ]
> = £8im,=35GeV  £%im,=55GeV = N\ o
W FE e T ] o.ooe \\\ x
L £ - b . J
15 £ = 0.004 ESNEY \ N
- _ 0.002
107 = E
- - 2 4 6 8 10 12 14 16 18
B 7 (m) [GeV]
102
- m No excess of events found
107 m  Aconstraint on the mixing parameter between the
0 10 20 30 40 50 60 SM Higgs boson and the dark sector Higgs boson
(m) [GeV] could be derived

Analysis continues with searches for generic scalar of mass up to 1 TeV
decaying into 41, with dark vector bosons in the intermediate state

JHEP 06 (2018) 166
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H = invisible

m Some Dark Sector particle y, neutral and stable over the range of
the detector
- It is not a neutrino. A Beyond-SM-Particle
- Its mass m_ <my/ 2 such that H =2 yy. The detector would be insensitive
to such a décay so we call it H --> invisibles
m If itis “invisible”, how do we detect it?

- Since the particle ¢ does not interact with the detector, it will escape,
undetected, with some kinetic energy

- By using conservation of 4-moment, after accounting for all the other
detected, particles, we can infer how much energy/momentum is carried,
therefore missing

- S0 we can measure the missing energy or the missing momentum
- x could be a candidate for Dark Matter particle
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H = invisible

q’ p g
q q )%
1% H g\ Z
1% q
q -
ql

X q v
8
(a) Signal process (b) Example diagram for the strong Z+jets background
process
q’ q Z 14
1%
q -
v Z y
14 v q
q Vv ’ /
/ q q
q
(c) Example diagram for the electroweak VBF Z+jets (d) Example diagram for the electroweak diboson process

background process
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Events / 50 GeV

Data / Bkg

H

-> invisible
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10 E 3 :
F 1 Upper bound on the Cross Section x BR
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10 _E _ o . . .
= % _  ATLAS Preliminary :
4 ~ Vs=13TeV, 139 b i
x 1.5|— Limits at 95% CL — (EDES::;:S —
1.2 P SN N & C w20 .
B o RN i
200 25|0 3(I)O 3%0 4(I)0 45|0 500 05 _:
E™* (without leptons) [GeV] ' ]
0 500 400 600 800 1000
Mediator mass [GeV]
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H = invisible — Dark Matter
Interpretation

Upper bound of the DM-Nucleon Scattering Cross Section

C'\I_| _I I I 1 I L | I I L | I | I UL | I I | LI
E . .
S a9 B <011 ATLAS Preliminary
= 10 B inv . q _
S o Vs =13 TeV, 139 fb
2 All limits at 90% CL —
2 : .
% 10—41 | Higgs Portal Other experiments__|
b§ B ) %4 Scalar WIMP DarkSide-50 |
n : N Majorana WIMP i LUX ]
_ PandaX-Il
107 = -
£ m— XenoniT
10_45 __ \\\\\\\\\\“‘/“‘“; __
\\\\\““‘\\ /
\\\\\\\“" -
I ""unl“"‘“”/ - S
| ~ — _— _
10—47 III 1 1 IIIIII| | | IIIIIII2 | | IIIIIII3 1 | | L1 111 4
1 10 10 10 10
Mye [GEV]
7/24/20 BNL Summer Lectures 2020 by Dr. Kétévi Assamagan (BNL)



Dark Interactions workshop series at BNL

Third Biennial Workshop on

| Dark Interactions
m Started in 2014 Perspectives from Theory
m Itis biennial -and Experiment.

" OctoberE 5 2018
Brookhaven- Natlonal Laboratory

m 70-80 experts in the field gather for 3.5 days o :_f,'f_,....'-"“—t-"-s.f/,"_"w"“b"'_g”/ -
- Talks and discussions | =
- Exchanges of ideas ;
- Networking and scientific collaboration o f&’“m]

- Experimental Constraints from Higf er Ke
Energy Colliders Mrchael Bagel (BNL)

m 4™ inthe series planned for 2020 B rs )

Juhn Paul Chou [Rutgers University)
- Cosmological Constraints Hooman Davoudias! (BNL)

- Implications for Dark Matter Rouven Essig (Stony Brook University)

- But cancelled because of COVID-19 - Prospecrs o L and fure Tobies Goirg L warste e Gorve
e Christopher S H||I (Dhlo State U)

- Cosmological and Astrophysical Williar Marciano BNy

- Will resume in 2022 Tt ¢G°"°'a”%“n”§§'§w%2';%{3§t}

otephane Wlllocq (U of Massachusetts )

m Organized at BNL

- In collaboration with BNL theory group and other
institutes

2018=bnl.gov

'
S
= = ‘[ Sto \Brook ~ u~|v:u!r£ o r‘l«l op Coordinator
vvvvvvvvv
L8 DEGENEVE ;% Feieraband, BNL
i | +18313434887
=] : Yale University I\IT(:ERS WI‘IWFN\
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Conclusions

m The Standard Model of particle physics is a very successful theory
- Yet, there things we do not understand, e.g. the nature of Dark Matter

m Dark Matter may be one particle in a rich Dark Sector
- jt interacts weakly with the Standard Model Sector

m The discovered Higgs boson may be used as probe or portal to the Dark
Sector

- By searching for Dark Sector particles in the decays of the Higgs boson
m So far, no signal of Dark Sector particles detected
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