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Standard Model is a framework

* Particle physics has a “Standard Model” of particles and their

Interactions

Leptons M

S. Dawson

Quarks come in pairs with
charge 2/3 eand-1/3 e

Each lepton has its own neutrino

Force carriers communicate
between quarks and leptons

Muon v discovered at BNL in 1962

BNL



Forces

 Electromagnetism explains electricity and magnetism (Maxwell)
« Weak force explains radioactivity (Fermi, 1933)
 Strong force explains why quarks are bound in protons

 Gravity seems simple.....

Electro
A Magnetic




We know so little
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Why-»

« And why are there 6 quarks anyways?

M=1.5 GeV
(@)
e @

u,d,s very light Mp=5 GeV

| won't talk about this because nobody has any good ideas

S. Dawson, BNL



The Particles

* Leptons (e, u, 1,v) and quarks are point-like
« Quarks don't exist outside of hadrons with integral charge

e Proton p = uud + (infinite number of qq pairs and gluons)
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Typical interaction'energy at LHC ~ 1 TeV



Particle spectroscopy

* In nature, we see pions: _
7t = (ud) 7 = (du) 70 = Wi dd
* Pion was discovered in cosmic rays in 1947
« Kaons also seen in cosmic rays
KT = (u3)
* (sss) (Q7) discovered at BNL in 1964
» Heavier quarks have to be made at accelerators ;

« J/1¥ = (c¢) discovered at BNL/SLAC in November, 1974

S. Dawson, BNL 7



Since the 1960’s we have constructed a picture of how
the forces interact with particles




The Standard Model is Simple and predictive

* Itis a gauge theory: SU(3) x SU(2) x U(1)

) An SU(N) gauge group has N2_’| Spin-1 . - ‘;‘.:'
particles that act as “force carriers” :

« SU(3) is QCD with 8 massless gluons
« SU(2) is the weak force with 3 spin-1

I= -7\} Fﬁv P
+ (LD +he

T )Ll \5())('5¢+|r\<.
particles W,B (they are massless at the W RV
moment)

* U(1) has 1 spin-1 gauge boson
Gauge theories for particle physics started with Yang-Mills @ BNL in 1953

S. Dawson, BNL
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Why is mass a problem?

Lagrangian for gauge field, A, (spin 1 photon):

L=-Ya I F You can derive
F=0,.A,-0,A, I\/Iaxwel.l S equat|o.ns
from this Lagrangian

L is invariant under transformation:

A, (x) >A,(x)-0,m(x) Quantum mechanics:
photon is a particle
and/or photon is a field

Gauge invariance is guiding principle

Mass term for gauge boson: 2 m? A A
* Violates gauge invariance

* We understand why photon is massless

S. Dawson, BNL 10



The Standard Model without the Higgs has massless

particles

* The gauge bosons are massless without the Higgs

« Experimentally: M\,=80 GeV, M;,=91 GeV, mg, M, =0

* The fermions are massless without the Higgs

* Experimentally: m,,=173 GeV

The entire reason for the Higgs
boson is to explain masses

S. Dawson, BNL

Not a small effect




Higgs Boson needs to explain electron mass

« Radius of atoms depend on electron mass

Nucleus
NQ/) Radius is proportional

e N

to 1/mass(electron)
*

Electrons

« Atoms wouldn't form without the Higgs boson!

S. Dawson, BNL



A Higgs particle predicted in 1964

Peter Higgs in the LHC tunnel in 2012

S. Dawson, BNL



A Long Journey
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First Serious Study of the Higgs, 1976

We should perhaps finish with an apology and a caution. We apologize to ex-
erimentalists tor having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] ' i '
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.

S. Dawson, BNL

This
started
theorists
thinking!



In the last 15 years...

« 2012: LHC discovered a Higgs boson; it
appears to have predicted properties

‘..‘.-Jn‘,'u_ A ~,. ' \ i
£,
A

Announced on July 4,2012 at 9 am Geneva time A



Scalar particle in Potential

V = p?d* + Ao*
e Case 1: u?>0 e« Case 2: u?< 0
* Unique minimum at ¢=0 * Minimum is not at O
* Once you pick a minimum you have

broken the symmetry of ¢ — -0
Location of
minima called V(o) V(o) Physical
vacuum - particle at
expectation minimum
value: called v

: energy state

at 0: h=¢-v

S. Dawson, BNL



Standard Model postulates a Higgs particle

 Standard Model includes complex Higgs SU(2) doublet
+

* Self-interactions of Higgs described by potential

S

V = p2¢Tp + ANopT¢)? Invariant under ¢ — —¢

* If u2< 0, then minimum of potential not at 0

* Minimum of potential at: c are Pauli matrices, come from

O = e (h—?—v) SU(2) symmetry
V2

« Choice of minimum breaks gauge symmetry

S. Dawson, BNL 18




Standard Model

» Higgs doublet interacts with massless SU(2) spin-1 doublet, W,
and massless spin-1 singlet, B

« 4 degrees of freedom (3 in W and 1 in B)

« 3 combinations of fields get mass proportional to v, M\,=gv/2
« W= (charge 1), Z(charge 0)
* Prediction: My=cos 6 Mz (ie Mz>My, cos 0 proportional to SU(2)
and U(1) coupling strengths which are arbitrary parameters)

* 1 combination of fields remains massless and is the photon
Massive W and Z bosons discovered in 1983

Need Higgs boson....

S. Dawson, BNL



Fermions in the Standard Model

Q.= " Up, dR v , € ASSUME left-handed fermions
d . e . are in SU(2) doublets and right-

handed fermions are SU(2)

c v singlets
q CR, SR, 5 :uR
L H)L > Only left-handed fermions

interact with the weak force: We

A V know this from measurements of
lps bR’ , Th muon decay
L L J

When the muon was discovered (1936), I. I.
Rabi famously said: “Who ordered that?”

S. Dawson, BNL 20



The VEV v is not a free parameter

* Fermi theory (1 — vve) predicts rate for muon decay, G,

« Standard Model shows that muon decay is mediated by

exchange of W boson 7
— vve ut ve
W+
GM g2 1 et

Match: E = 8MI%V = 5,2 V=246 GeV

S. Dawson, BNL 21



Masses for particles

Theory does not predict the
values of particle masses (other
than the W boson)

* Higgs particle accommodates quark and electron masses
« The more a particle interacts with the Higgs boson, the heavier it is

UNSATIFACTORY STATE OF AFFAIRS!

S. Dawson, BNL 22



Count free parameters

« Masses of fermions: 6 quarks, 3 charged leptons
* Also 3 x 3 mixing matrix involving quark masses (3 angles, 1 phase)
* By definition, neutrinos are massless in the Standard Model

* Incorporating neutrino masses requires extension of Standard Model
« 3 gauge coupling constants

« Higgs boson mass is completely free parameter

« A CP parameter All particle interactions predicted in

terms of these 18 parameters:
A PREDICTIVE THEORY

S. Dawson, BNL
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Higgs couplings look “SM-like”
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No free
parameters in
plots

Dashed lines
are predictions

Higgs couplings
proportional to mass

24




Higgs Production

Most 97TTTTTD) g ¢ Direct
important t L measurement of tth
processes: h  coupling: Largest
P , . Higgs fermion
coupling

Depends on physics in

loop: quantum effects »

Vanish if v=0

S. Dawson, BNL 25



Discovery to precision

2012
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Discovery to precision

2012 2022
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Measurements compared to Theory

« Dominant production of Higgs boson is gluon fusion

5 S N DEPENDS ON INTERACTION
OF HIGGS WITH TOP QUARK

 Rate is power series in strong coupling constant, a,~.118

o(gg — H) :ag (O'LO + as00NLO

2 3
We can predict!!!! + 0 00NNLO + @ 00NNNLO + )

1977 » 1995 5 2002 » 2015

S. Dawson, BNL 28



Precision physics at a Hadron

Collider

« Can you do precision physics at a hadron collider? YES!

-

o(pTp —> H + anything) (nb)

0.2 0.8 1 1.4 1.8

M H Mass (Tev/c?)

VS$=2.10,20,40,70,100 TeV
EHLO

Major lesson
from last 14
years at LHC:
Higgs physics is
precision physics

Despite progress,
theory uncertainties are
expected to dominate
Higgs results at LHC

S. Dawson, BNL
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LHC measurements

Standard Model Total Production Cross Section Measurements
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Impressive
theory/experiment
agreement over many
orders of magnitude
and in many varied
processes

30




Precision

CMS Preliminary March 2026
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Standard Model Total Production Cross Section Measurements
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Model is consistent at quantum level

W boson mass is a prediction of the theory

At the quantum level contributions from the top quark and the Higgs boson

~ 80.94 GeV M
Top, Higgs

calculable
My [exp] = 80.3625 & 0.0077 GeV

Example of learning from precision measurements!

* My [theory] is infinite without Higgs boson

S. Dawson, BNL 32



Model works at Quantum Level

CMS
1 | i | 1 | i
: My in MeV Theory
Elect k fit /
FRD 10 @V\{)eza% 530001 I/ 80353 + 6
LEP combination 80376 + 33 . .
Do T N . Predictions include
PRL 108 (2012) 151804 80375+ 23 : )
CDF 804335 + 9.4 ———i quantum corrections
Science 376 (2022) 6589
LHCb 80354 + 32
JHEP 01 (2022) 036
ATLAS + o
arXiv:2403.15085 803665 15.9 h
CMS .
VS 80360.2 + 9.9 | -
. | . | . | . |
80300 80350 80400 80450
my (MeV)

Standard Model fits data very well at the quantum level

S. Dawson, BNL 33



Everything we have measured

(Almost) everything
is consistent with
this picture of
physics above 1 TeV

34



But we are not finished

* The discovery of the
Higgs changed
everything

« But yet, it leaves us with

many unanswered
questions

* Opportunities for
discovery!

It's the beginning, not the end of the story



Our understanding is incomplete

* 5-10% measurements of top, Just the tip of the iceberg
bottom quark, W, Z couplings

* .1% measurement of mass

* Higgsis Spin -0

Couplings to first generation (up, down quarks, e)
Couplings to second generation (strange, charm
quarks, ) just beginning to be measured

Higgs self -couplings

Does the Higgs have any CP violating interactions?

These are just Higgs
questions.....many
more questions

The study of the
SM cannot be
complete yet

36



Theory unhappiness with
SM continues

Dark
Energy
71.4%

« What is dark matter and dark pove

energy? Dark
Matter

» Attempt to answer this 24%
question has inspired countless
models

TODAY

A theory of everything
would answer these
questions

S. Dawson, BNL



Many questions

» Want to explain why the top quark is heavy
» Want to explain why neutrinos are light
« Want to explain why My, << Mplanck ~ 10'? GeV (~Scale of Gravity)

« Want to figure out what dark matter is

« All of these questions have led to vast amounts of
creative theory

« Typically, theory attempts to address these questions
end up postulating many new particles

S. Dawson, BNL



No new particles discovered (yet?)

ATLAS Heavy Particle Searches® - 95% CL Upper Exclusion Limits ATLAS Prokminary Overview of CMS EXO results
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New physics isn’t always new
particles

* This wouldn't be the first time that we discover new
physics by careful calculation and measurement

Nov. 10, 1845: Urbain Le Verrier reports
small discrepancies in the orbit of Uranus,
uncovered through precision calculation

June 1, 1846: he posits a new planet,
whose presence could explain the
observed perturbations

Sep. 24, 1846: Neptune is discovered,
exactly where predicted by Johann
Galle in Berlin

S. Dawson, BNL 40



Two Pathways to new physics

Precision measurements Build models and search
and calculations of for evidence of new
Standard Model particles

observables

Approaches are complementary: Need both



To go further

We need to improve precision on Higgs measurements
We need to improve quantum tests of Standard Model
We need to see double Higgs production (See Brost talk)

We want to further search for new physics

We will need new colliders
Many machines have been proposed

S. Dawson, BNL




