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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”
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Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where Fi = h/2r = 6.58x10725 GeV s = 1.05x10734 J 5.

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of
the proton is 1.60x10~1% coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E =mc?), where 1 GeV = 109 eV = 1.60x10~'? joule. The mass of the proton is 0.938 GeV/c?
=1.67x10727 kq.

Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or — charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., 29, v, and N = cc, but not
KO = d5) are their own antiparticles.

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

A neutron decays to a proton, an electron, (an
and an antineutrino via a virtual (mediating)
W boson. This is neutron B decay.
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Atom Size ~ 1015 m

Size - 10
If the protons and neutrons in this picture were 10 cm across,

then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.
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BOSONS

Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons gg and baryons qqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.
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electron) colliding at high energy can BO
annihilate to produce B and B° mesons

via a virtual Z boson or a virtual photon structure of matter.
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Two protons colliding at high energy can
produce various hadrons plus very high mass
particles such as Z bosons. Events such as this
one are rare but can yield vital clues to the
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to quarks
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The Particle Adventure

Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org
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Symmetries of the Standard Model

£ In the Standard Model, CP violation is
described by a unique physical phase in the
CKM quark mixing matrix

e CPTis conserved
E T violation is a consequence of the above

Symmetry conservation in the Standard Model
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CP Violation in the Standard Model

B -z, prx, pp

e see Wolfenstein
Vub = |Vub|6 " «—— parametrization

l
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Different mixing
for quarks and
anti-quarks

|

Origin of
CP Violation
(CPV)

Strength of CPV: Characterized by Jarlskog invariant: J = |m ( Vq V, V,V,., ) 40
nsM: J=ImV,V, VIV ] = A4l - 2/2)+ 0(4°)~ 10"
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The Shortfalls of The Standard
Model

Strong CP
neutrino masses problem

Dark Sectors (tis

Baryogenesis

Dark matter

3/4/2020 C. Gatto - INFN & NIU



Limits of the Standard Model - |

Necessary ingredients are:
« Baryon number violation
* Thermal non-equilibrium
« C and CP violation

All of these ingredients wegre
In the early Universel

+ Do we understand the cause of CP
violation in particle interactions?

« (Can we calculate the BAU from
first principles?

1975 Nobel Peace Prize

Dark Sectors

Baryogenesis



Limits of the Standard Model - I

Composition
of the
Cosmos

Dark Sectors

Dark matter

Mar 11, 2016

Presence of DM is 11
oravitational effect only.
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Limits of the Standard Model -

e Neutrino mass = 0 (while we know they oscillate)

E Expansion of the universe is accelerating (might require new
forces)

e Value of particle masses are not in the model

e No full theory of gravitation as described in the general relativity

A Simply adding a graviton to the SM does not reproduce the
experimental observations

A SM is widely considered incompatible with the current general

relativity
Pl ankds | i mit: the
only a "low energy" approximation to a
neutino masses more fundamental theory

Dark Sectors

atto - INFN Napoli 8



Theoretical Problems of the SM

e The hierarchy problem

A ltis the huge difference in the strength of fundamental forces or the wide range in mass for
the elementary particles.

A Why is there such a wide spectrum of masses among the building blocks of matter? Imagine
having a Lego set containing bricks as disparate in size as that

e The hierarchy problem is also related to the Higgs boson mass

A

A Corrections to the Higgs mass are proportional to the mass of the contributing quark

A The top quark being the heaviest particle, it adds such a large correction to
the theoreticaHiggs boson mass that theorists wonder how the measureddiggs boson mass

can be as small as it was found

The naturalness problem (hint: it is a consequence of the hierarchy
problem)

nstant

0 the cosmol ogi cal
I mpar ed

cCo
amazingly smal Co

o0 the hierarchy between the strength of gravity and the

strengths of the other forces is amazingly big, Dark Sectors (iR

light?

comparedt o what youdd expect
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Theoretical Problems of the SM - cont’d

Some features of the standard model are added in an ad hoc way. These are not
problems per se, but they imply a lack of understanding.

Number of parameters — Standard model depends on 19 numerical
pau'amr:t:. rs. Their values are known from experiment, but the origin of the

ralues 1s unknown. Some theorists have tried to find relations between
different parameters, for example, between the masses of particles in
different generations.

Quantum triviality - Suggests that it may not be possible to create a
consistent quantum field theory involving elementary scalar Higgs
particles.

Strong CP problem - Theoretically it can be argued that the standard model
should contain a term that breaks CP symmetry, relating matter to
antimatter, in the strong interaction sector. Experimentally, however, no
such violation has been found, implying that the coefficient of this term is
very close to zero. This fine tuning is also considered unnatural.

Mar 11, 2016 C. Gatto - INFN Napoli
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Current OQutstanding Anomalies

Dark Sector Candidates, Anomalies, and Search Techr
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The bottom line

E SM ingredients are insufficient to explain the nature
beyond the SM. Most likely we need:

A new forces (with adequate CP violation)

A new particles

E Mass of possible New Physics spans 40 order of
magnitude

E Wedonot have a clue of whdat
Model

E Scientists are hard pressed to design new experiments
for understanding what os ¢gGc
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The Quest for Dark Matter

102 eV m,~10YGeV _jpoMm®

Non-thermal Non-thermal

<100 MeV e >100 TeV
N_../BBN i oo much

MeV
- f ] |
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The Quest for Dark Matter

mpl =~ 1019 GeV ~100M®

<100 MeV GeV m >100 TeV
oo much

T
WIMP’s

»012)
c“u_\?\.k 20N )
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LHC,
SuperCDMS
etc.

WIMP-nucleon cross section [pb]

WIMP-nucleon cross section [cm
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100 1000

WIMP Mass [GeV/c2] Courtesy O. Moreno



The Quest for Dark Matter

102 eV m,~10¥GeV _jpoMm®
Non-thermal Non-thermal

<100 MeV GeV m >100 TeV
N_../BBN MeV 3 oo much
\ N ]

I T
Light Dark Matter WllvliF"s

Need new mediator!

Gx >Gp

SM _DM
Gy = 9x 9x
X — —
T)L‘X

Sub-GeV thermal DM requires stronger than Gtermi interactions!

e Newest theoretical models prefer gauge bosons in®eW mass range as
more severe astrophysical and cosmological constraints that apply to lighter states are
weakened or eliminated, while those fron
Batell, M. PospeloyA. Ritz d 2009)
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Connections between Standard
Dark Matter

",

,mml,"' /]
!,

",

Hook (2015), arXiv:1411.3325

N

“Vector” | Dark photons
ALP-strahlung

“Axion” Pseudoscalars

“Higgs” Dark scalars

“Neutrino” |Sterile neutrinos
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Current Experimental

Searches

£ Direct searches
e Proton beam dump
e Electron beam dump

E Fixec
E Fixeo

target electron scattering
target proton experiments

e Colliders

3/4/2020

C. Gatto - INFN & NIU
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Direct detection vs Accelerator

Accelerators Direct Detection

I Detector

Ersin Darl MattarSrdll See overview talk by R. Essng (and
many others at this meeting)

Projects New Initiatives Report

nuclei

e Complementary approach

They are required for a full
understanding of the structure of

the dark sector
3/4/2020 C. Gatto -
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The Proton Beam Dump
Technique

production detection

Proton Beam Dump Searches for Light Dark Matter

Proton  Target/
Beam Dump

p

Dirt, Shield Detector

3/4/2020 C. Gatto - INFN & NI



Proton Beam Dump Experiments

MiniBooNE-DM @ FNAL

Target Decay Pipe Beam Dump

MiniBooNE Detector

L]

487 m

COHERENT @ ORNL o

:l CPROTONBEAN > &

e First observation of Coherent Elastic b K|
Neutrino Nucleus Scattering (CEvNs) L P ;5. CONCRETE AND GI
[Science 357 (2017) no.6356, 1123-1126] W: m— e —

o csl l
* COHERENT also sensitive to sub- v e

GeV dark matter [deNiverville, Pospeloy, Ritz]
[Ge, Shoemaker ]
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search for eV - scale sterile neutrinos

¢ 800 MeV protons on tungsten target

Beam Pipe

Beam fracker Y
Si pixels, 3 stations LAV LKr M

¢ 10 ton Liquid Argon Scintillation detector

X 2 near and far locations Large angle photon vetoes Forward y veto Muon vet
( ) OPAL lead glass NA48 LKr Fe/Scint
11 stations in vacuum [O(10-¢) mbar] calorimeter

1 in air




The Electron Beam Dump
Technique

X
1\ \ X
Z
¢

Production Detection

Electron Beam Dump Searches for Light Dark Matter

p—— 10 m ——>¢— 10 m —)|

e - Dirt .
x —2

e Advantages:
A Cleaner backgroundvs p-beam dump:

e Disadvantages:

A Lower Yield
3/4/2020 C. Gatto - INFN & NI
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Electron Beam Dumb
Experiments

SLAC Beam Dump E137

e 20 GeV electron beam; 30 C dumped

*  Water - aluminum target

e Shower calorimeter, 400 m from dump

BDX @ JLAB

* || GeV electron beam on Water-Aluminum dump

e ECAL detector located 20m downstream

Production Detection

* Approved by JLAB PAC for 1022 EOT run




Production

E.=FEgp

Taszger

Missing Energy
® Higher yield (thick target)

® Higher acceptance

Two tomplementary approaches

missing momentum

Target
[==1

i
T LI

Invisible Ei=Eg 1—=] Invisible

Tagger
Tracker

ECAL/HCAL

Missing Momentum

® Lower yield (thin target), but
includes a missing energy experiment

(1)

X: €

Tagging Tagging
WCAL

my < 2m,

pr as background discriminator and
sienal identifier

w107
Missing
Energy 1073
sesarch

LHCb, Babar, NA48/2, KLOE, Al, et

CHARM, NuCal

E137, SND
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Missing Momentum e Experiments

DarkLight @ Jefferson Lab (>2021)

Aev: [AD2.01648

2016 (PhaselA): Explored operation of LERF with prototype
detector installed

2017 (Phase IB): Target design was improved and assembled
for test at Bates

Dhaceallf: Dranf af nrincinal datartar fariicad anlauimace A’

Apex @ JLAB

AWAKE++ (>2024)
K. IE12.11164

AWAKE++ is investigating the use of the proton-driven plasma wakefield acceleration scheme for future particle physics
applications

—  Using self-modulated SPS proton beam to drive strong wakefield in plasma

—  Run1(2016-2018): Successfully demonstrated acceleration of externally injected electrons to a few GeV using protor
driven plasma wakes
—  Run2(2021-2024): Demonstrate the scalability of the acceleration scheme (high charge bunches accelerated to ~10

GeV)
LS3: NA64 like e fixed target experiment using 10*EoT (collected in 3 months)

Tungsten-plastic
ECAL

Micror:fagszstracker 4 GattO I INFN & N

HPS @ Jefferson Lab

e fixed target experimentinstalled in Hall B at Jefferson Lab searching for dark photons in the mass range 19 MeV - 500

Makes use of CEBAF electron beam - Energy range 1.1-6.6 GeV Current: 50 nA- 500 nA

DarkQuest (>2023)

Possible upgrade to PID using a single PHENIX EMCal sector will
add sensitivity to dielectron channel

Top View (Bead Plane)

St-4 muon 1D

KMag  sc2tracking  St-3 tracking
- e em) l
Y

/ Courtesy O. Moreno
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