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How Many Forces do we know?
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How Many Forces do we know?
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Quick Google search revealed 7 forces:

— Frictional force

— Tension force

— Normal force

— Air Resistance force

— Applied force

— Spring force

— Gravitational force

— …
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How Many Fundamental Forces do we know?

July, 2023

Quick Google search revealed 7 forces:

— Frictional force

— Tension force

— Normal force

— Air Resistance force

— Applied force

— Spring force

— Gravitational force

Not fundamental forces
(electro-magnetic origin) 

— …
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What is Force?

July, 2023

A force is a push or pull upon an object 
resulting from the object's interaction with another object

classical example of two skaters throwing ball to each other:
H

b
,
⌧
,
µ

b
,
⌧
,
µ

force

time

repulsion

attraction

⃗F =
d ⃗p
dt
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What is Force?

July, 2023

A force is a push or pull upon an object 
resulting from the object's interaction with another object

— A fundamental force  
results from a fundamental interaction

H

b
,
⌧
,
µ

b
,
⌧
,
µ

proton p+

force

electron e−

Electromagnetic Interaction: photon γ

  Force is not necessarily 
a single photon exchange

time

⃗F =
d ⃗p
dt
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EM Interactions: Hydrogen Atom

ψn,ℓ,m(r, θ, φ) ∝ Rn,ℓ(r) Yℓ,m(θ, φ)
|m | ≤ ℓ = 0,1,2,3,... < n

Re Yℓ,m(θ, φ)

Probability to find electron in  (r, θ, φ)

ℓ = 0, m = 0

ℓ = 1

ℓ = 2

|ψn,ℓ,m(r, θ, φ) |2

July 25, 2022
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EM Interactions: Atoms and Molecules

July 25, 2022
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Nucleus is held together by the strong nuclear force

H

b
,
⌧
,
µ

b
,
⌧
,
µ

quark q

forcegluon g

Sun as a ”Nuclear Reactor”

Andrei Gritsan, JHU LIV January 2017

quark q

Strong Nuclear Force
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It gets more complicated, but gluons still connect it all:

Strong Nuclear Force

color-neutral

meson exchangequark exchange

July, 2023

neutron

proton
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Weak Nuclear Force

July, 2023

Sun as a ”Nuclear Reactor”

Andrei Gritsan, JHU LIV January 2017

Sun as a ”Nuclear Reactor”

Andrei Gritsan, JHU LIV January 2017

Nuclear fusion (e.g. Sun):

 — This weak interaction changes 
       structure of the matter

 — One could argue if it is more than force 
       (not just pull or push)
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Weak Nuclear Force

July, 2023

 — This weak interaction changes 
       structure of the matter

 — One could argue if it is more than force 
       (not just pull or push)

H

b
,
⌧
,
µ

b
,
⌧
,
µ

proton p+

force

electron e−

Z H

b
,
⌧
,
µ

b
,
⌧
,
µ

proton p+

force

electron e−

γ — One can still have 
          pure weak force:

neutrino ν
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Gravitational Force

July, 2023

 — Gravitational force is the weakest at elementary particle level

H

b
,
⌧
,
µ

b
,
⌧
,
µ

proton p+

forceG

dark matter χ

 — Adds up to a large force on the scale of the planets

 — Dark matter revealed only through gravitational interactions so far…

 (when other forces cancel)

 expect at elementary level:

 quantum theory of gravity 
   is still in development…
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Elementary Particles

S =
ℏ
2

S = 1ℏ

Fermions  (half-integer spin)

constitute matter (quarks, leptons)

Bosons (integer spin)
carry interactions (  photons,  gluons,  )γ g W±, Z

Until recently, all known elementary particles were of two types: 

One can create compose particles of any spin  S =
Nℏ
2

, N = 0,1,2,..

for example  meson made of    has   π0 qq̄ S = 0

occupy space (Fermi statistics: exclusion princ.)

but there was no elementary particle with no spin, until recently

July, 2023
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Elementary Particles

15

Spin = 0 

Spin =  
ℏ
2

Spin =  ℏ

Spin =  
3ℏ
2

Spin =  2ℏ

H boson 

quarks…e±, μ±, τ±, νe, νμ, ντ,

γ, Z, W+, W−, g1, g2, g3, g4, g5, g6, g7, g8

Not known

Not discovered, expect graviton G

matter

interactions

(may be supersymmetric particle, e.g. gravitino)

Arguments for higher Spin to be composite particles…
July, 2023

(discovered in 2012)
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Elementary Particles: Interactions

16

Spin =  ℏ

Spin =  2ℏ

γ, Z, W+, W−, g1, g2, g3, g4, g5, g6, g7, g8

Not discovered, expect graviton G

July, 2023

      strong interactions
(gluons with color charge)

     weak 
interactions

EM

gravity
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Spin = 0 

Spin =  ℏ

Spin =  2ℏ

H boson 

γ, Z, W+, W−, g1, g2, g3, g4, g5, g6, g7, g8

Not discovered, expect graviton G

July, 2023

      strong interactions
(gluons with color charge)

     weak 
interactions

EM

gravity

(carrier of) the 5th force (kind of interaction)

Elementary Particles: Interactions
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H boson carries interaction between matter particles

H

Higgs Boson is the 5th Force!

July, 2023

force
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H boson carries interaction between matter particles

H

Higgs Boson is the 5th Force!

July, 2023

force
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H boson carries interaction between matter particles

H

Higgs Boson is the 5th Force!

July, 2023

force
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H boson may become the only quantum connection to dark matter (  )χ
(besides gravity)

Search for dark matter (  )χ
H→  (invisible) χχ

χ χ

Competitive (or better) 
 with direct detection
     of dark matter:

nucleon

H

DM

mH

2

Higgs Boson is the 5th Force!

arXiv:2201.11585

July, 2023

H→  (invisible) χχdirect detection
of dark matter:

force

https://arxiv.org/abs/2201.11585
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Weak

Gravity

StrongE&M

Electricity Magnetism

22

The 4 Forces

July, 2023
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Weak

Gravity

StrongE&M

Electricity Magnetism

23

Higgs Electro-Weak

Particle Physics (SM)

July, 2023

The 5 Forces
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Weak

Gravity

StrongE&M

Electricity Magnetism

24

Higgs Electro-Weak

Particle Physics (SM)

July, 2023

More Forces?

Unified Theory (?)

The Ultimate Theory (?)
Quantum Gravity
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Origin of Space-Time (?)

Weak

Gravity

StrongE&M

Electricity Magnetism

Cosmology (SM)

25

?

The Big Picture

?

Inflation? ?

Dark Energy? Higgs

vacuum

Dark Matter? +

General Relativity Electro-Weak

Quantum Gravity
The Ultimate Theory (?)

Unified Theory (?)

matter

ν
Particle Physics (SM)

?

July, 2023
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Unified Theory (?)

Scales in Particle Physics

Electricity & Magnetism 

Strong

Distance

Energy =
hc

Distance

M = ?

∼ 1 GeV

visible light ∼ eV
∼ μm

∼ 10−12 m

∼ 5 × 10−15 m

unknown gap
“new physics”

v ∼ 246 GeV

SM precise up to ∼ ( v
M )

2

Electro-WeakHiggsSM

Quantum Gravity

the 5th Force

mP ≃ 1019 GeV 1

2

4

3

5

6?BSM

July, 2023

hierarchy problem
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Crisis of the Standard Models

Study the Word 
with a Telescope

— Dark matter? 
— Baryogenesis? (matter over antimatter)  

baryon number violation (p decay?)  
CP violation?  

— Dark energy?
— Higgs field and masses (hierarchy problems) 

— Inflation?

understanding 
the vacuum 

understanding 
the matter 

— Are neurinos special? …

(vacuum stability)

non-equilibrium?  

Crisis of the Standard Models (SM) 
  of Particle Physics & Cosmology   

Microscope to look deep: the LHC experiments 

(turn of the XXth century)  

July, 2023
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The Higgs Field in the SM

(1) Universe cools down
(2) symmetry spontaneously breaks

H
ig

gs
 p

ot
en

tia
l

?T < Tc

T > Tc

v

V(φ) Tc

V(φ) = μ2φ†φ + λ2(φ†φ)2

SM Higgs field    + mass of φ = (
G+

(v + H0 + iG0)/ 2)⇒ H0 Z, W+, W−

LHC goal: excite the vacuum (Higgs field  )   create the  boson φ ⇒ H0

July, 2023
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Hierarchy Problem

H H
SM          ⇒ Δm2

H → ∞

mH = 125.26 ± 0.20 ± 0.08 GeV ⋘ mP

quantum corrections:

SM cannot predict  - measuremH

H Ht

t̄

H H
SM

H H
BSM+corrections cancel:

one of possible solutions: new beyond SM particles

for example:

July, 2023
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Implications of the Hierarchy Problem

H H
SM

H H
BSM+If BSM contributes:

H
SM

H
BSM+

Z, W, γ, g

Z, W, γ, g

Z, W, γ, g

Z, W, γ, g

SM NLO SM EFT

H
Z, W

Z, W

+

SM LO

We should see something like this:

This motivates us to study Higgs boson to high precision

July, 2023
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Our Microscope in a Nutshell

g
~ 62.5 GeV

31

H

Z*

g

Z

12

(a) qq̄ LO (b) qq̄ NLO QCD (c) gg LO box (d) gg LO triange

FIG. 4: ZH sample diagrams for leading order qq̄ and gg initial states, including higher order contributions.

B. O↵-shell simulation of the H boson in electroweak production and a second scalar resonance

Similar to the gluon fusion process, we extend our previous calculation of vector boson fusion qq ! qq + H(!
V V ! 4f) and associated production qq ! V +H(! V V ! 4f), and allow the full kinematic range for m4f . The
SM implementation in MCFM [8] includes the s- and t-channel H boson amplitudes, the continuum background
amplitudes, and their interference, as illustrated in Fig. 3. We supplement the necessary contributions for the most
general anomalous coupling structure. In particular, this a↵ects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for the intermediate states ZZ/Z�⇤/�⇤�⇤ in place of ZZ
in both decay and production with the most general anomalous coupling structure, which are not present in the
original MCFM implementation. It is interesting to note that the o↵-shell VBF process qq ! qq+H(! 4f) includes
contributions of the qq̄ ! V H(! 4f) process for the case of hadronic decays of the V boson. As in the case of
gluon fusion, we also allow the study of a second H-like resonance X with mass mX , width �X , and the same set of
couplings and decay modes.

C. Higher-order contributions to VH production

We calculate the NLO QCD corrections to the associated H boson production process qq̄ ! V H where V = Z,W, �,
shown in Fig. 4. We use standard techniques and implement the results in JHUGen, relying on the COLLIER [101]
loop integral library. This improves the physics simulation of previous studies at LO and allows demonstrating the
robustness of previous matrix element method studies. We also calculate the loop-induced gluon fusion contribution
gg ! ZH, which is parameterically of next-to-next-to-leading order but receives an enhancement from the large
gluon flux, making it numerically relevant for studies at NLO precision. In contrast to the qq̄ ! V H process which
is sensitive to HV V couplings, the gg ! ZH process is additionally sensitive to the Yukawa-type Hqq̄ couplings. In
both cases we allow for the most general CP-even and CP-odd couplings. Strong destructive interference between
triangle and box amplitudes in the SM leads to interesting physics e↵ects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Section VIII.

D. Multidimensional likelihoods and machine learning

We extend the multivariate maximum likelihood fitting framework to describe the data in an optimal way and
provide the multi-parameter results in both the EFT and the generic approaches. The main challenge in this analysis
is the fast growth of both the number of observable dimensions and the number of contributing components in the
likelihood description of a single process with the increasing number of parameters of interest. We present a practical
approach to accommodate both challenges, while keeping the approach generic enough for further extensions. This
approach relies on the MC simulation, reweighting tools, and optimal observables constructed from matrix element
calculations. We extend the matrix element approach by incorporating the machine learning procedure to account for
parton shower and detector e↵ects when these e↵ects become sizable. Some of these techniques are illustrated with
examples below.

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

Kinematic distributions of particles produced in association with the H boson or in its decay are sensitive to the
quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process of the H ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and

g

g

H

~ 7000 GeV

exciting the vacuum (Higgs field )φ

e+

e−

μ+

μ−

mH = 125 GeV

mZ = 91 GeV

mZ* < 35 GeV

τSM
H = 1.6 × 10−22 s

July, 2023
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What we knew before 2012

Two diagrams relevant to H in early days of LHC, couple to mass:

H
Z, W fH

— We did not know the mass!  (there were indirect SM constraints) 

— We did not know if the Higgs field (or boson) existed!

fZ, W

Flip the time direction to produce it:

H H

— Even if it were, was it the Standard Model Higgs boson?

July, 2023
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Producing the SM Higgs boson

H

t

t

t

g

g

H

t

t

g

g t

Theory

July, 2023
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Theory
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CMS on Track for Discovery

• In December 2011

excluded SM Higgs

127 < mH < 600 GeV

tantalizing hint mH ∼ 125 GeV

• In July 2012

expect for SM Higgs

up to 6σ observation

H → ZZ(∗), γγ,WW (∗), bb̄, ττ
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Andrei Gritsan, JHU VI 9 July 2012

seminar at FNAL

4ℓ, 2ℓ2ν, 2ℓ2q, 2ℓ2τ
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“Opened the box” on June 14, 2012 (at CERN) 

37

(later press-conference on July 4, 2012) 

July, 2023



Two	channels	ZZ	and	2γ	combined

38

• Comb.	significance:	5.0	σ

• Expected	4.7	σ	

seminar at FNAL



Observed	local	excess	of	events

Expected	significance	at	125.5	GeV	:	

3.8	σ	


Observed	significance	at	125.5	GeV:	

3.2	σ

39
seminar at FNAL
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June 15, 2012 

July, 2023
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The Higgs boson: 2012 

41

Press-conference 
on July 4, 2012 

July, 2023
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Future Directions

July, 2023
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LHC Run-3 and Beyond

FCC-ee FCC-hh
2023

High Lumi - LHC
2029 2040 2065

10 years

planned operation of LHC
         proposed 
Future Circular CollidersRun-3

Run-2    (~ 5%)140 fb−1

Run-3 → 300 fb−1

Run-4-6 → 3000 fb−1

  in “reverse”H → ZZ

July, 2023
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The Next Microscope (Proposed Collider)

e+ ~ 125 GeV

44

H
Z (*)

Z

e−

Future  Higgs Factory e+e−

?,Z,γ

,Z,γ

Hq

q

W

W

linear or circular, in Europe or Asia…

Discovery of  enabled plans for H → ZZ e+e− → Z* → ZH

(e.g. FCC at CERN)

(   in “reverse”)H → ZZ

July, 2023
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What we want to know about the 5th force

coupling   ∝ mf

Quantum numbers?

Couples to matter-energy

  ∝ m2
V

 10−1 100 101 102

rates as ~ expected

expect   as vacuumJPC = 0++

Lifetime:
faster decay to new states?
to dark matter?…

New source of  violation?CP

Any hints of EFT effects ?…   study full kinematics∼ ( v
M )

2

⇒

Mass:  quantum corrections

Higgs field(s) and potential?     new states or HHH interaction ⇒

Run-2

July, 2023
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What if there are more Higgs Fields?

SM Higgs field    + mass of φ = (
G+

(v + H0 + iG0)/ 2)⇒ H0 Z, W+, W−

What if 2 Higgs fields     mass of   +  φ1, φ2 ⇒ Z, W+, W− H0, H±, H′￼, A
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FIG. 4: ZH sample diagrams for leading order qq̄ and gg initial states, including higher order contributions.

B. O↵-shell simulation of the H boson in electroweak production and a second scalar resonance

Similar to the gluon fusion process, we extend our previous calculation of vector boson fusion qq ! qq + H(!
V V ! 4f) and associated production qq ! V +H(! V V ! 4f), and allow the full kinematic range for m4f . The
SM implementation in MCFM [8] includes the s- and t-channel H boson amplitudes, the continuum background
amplitudes, and their interference, as illustrated in Fig. 3. We supplement the necessary contributions for the most
general anomalous coupling structure. In particular, this a↵ects the H boson amplitudes but also the triple and
quartic gauge boson couplings. We also add amplitudes for the intermediate states ZZ/Z�⇤/�⇤�⇤ in place of ZZ
in both decay and production with the most general anomalous coupling structure, which are not present in the
original MCFM implementation. It is interesting to note that the o↵-shell VBF process qq ! qq+H(! 4f) includes
contributions of the qq̄ ! V H(! 4f) process for the case of hadronic decays of the V boson. As in the case of
gluon fusion, we also allow the study of a second H-like resonance X with mass mX , width �X , and the same set of
couplings and decay modes.

C. Higher-order contributions to VH production

We calculate the NLO QCD corrections to the associated H boson production process qq̄ ! V H where V = Z,W, �,
shown in Fig. 4. We use standard techniques and implement the results in JHUGen, relying on the COLLIER [101]
loop integral library. This improves the physics simulation of previous studies at LO and allows demonstrating the
robustness of previous matrix element method studies. We also calculate the loop-induced gluon fusion contribution
gg ! ZH, which is parameterically of next-to-next-to-leading order but receives an enhancement from the large
gluon flux, making it numerically relevant for studies at NLO precision. In contrast to the qq̄ ! V H process which
is sensitive to HV V couplings, the gg ! ZH process is additionally sensitive to the Yukawa-type Hqq̄ couplings. In
both cases we allow for the most general CP-even and CP-odd couplings. Strong destructive interference between
triangle and box amplitudes in the SM leads to interesting physics e↵ects that enhance sensitivity to anomalous Htt̄
couplings, as we demonstrate in Section VIII.

D. Multidimensional likelihoods and machine learning

We extend the multivariate maximum likelihood fitting framework to describe the data in an optimal way and
provide the multi-parameter results in both the EFT and the generic approaches. The main challenge in this analysis
is the fast growth of both the number of observable dimensions and the number of contributing components in the
likelihood description of a single process with the increasing number of parameters of interest. We present a practical
approach to accommodate both challenges, while keeping the approach generic enough for further extensions. This
approach relies on the MC simulation, reweighting tools, and optimal observables constructed from matrix element
calculations. We extend the matrix element approach by incorporating the machine learning procedure to account for
parton shower and detector e↵ects when these e↵ects become sizable. Some of these techniques are illustrated with
examples below.

V. LHC EVENT KINEMATICS AND THE MATRIX ELEMENT TECHNIQUE

Kinematic distributions of particles produced in association with the H boson or in its decay are sensitive to the
quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process of the H ! V V ! 4f decay,
six observables ⌦decay = {✓1, ✓2,�,m1,m2,m4f} fully characterize kinematics of the decay products, while two other
angles ⌦prod = {✓⇤,�1} orient the decay frame with respect to the production axis, as described in Ref. [1] and
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