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Dark energy? Higgs
?
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vacuum

+ψiyijψjφ +h.c.
-V(φ)

+|Dμφ|2
…

?

?

..φ1..φ2..energy density of the vacuum = Λ/8πG 

Rμν - — gμνR-Λgμν=-8πGTμν

quantum numbers of the vacuum JPC=0++ 

many orders away from Higgs field expectation 

H(125)0 boson is a completely new state of matter-energy
— comes from a new scalar field of fundamental importance 

1
2

Inflaton?

??
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Quantum Gravity (?) Unified Theory (?)
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— Dark matter? 
— Baryogensis? (matter dominance)  

baryon number violation  
CP violation  

— Dark energy?

— Higgs field and mass (hierarchy problem) 
         are neurinos special? …

— Inflation?



The Big Bang Theory: Fundamental Particles
http://www.cpepphysics.org







and at CPEPphysics.org
UniverseAdventure.org

Learn more at 

©2015 Contemporary Physics Education Project. CPEP is a non-profit organization of teachers, physicists, and educators.  For information on charts, websites, text materials, hands-on classroom activities and workshops, see: CPEPphysics.org. 
This chart has been made possible by the generous support of: U.S. Department of Energy and Lawrence Berkeley National Laboratory. Photos courtesy of NASA.

 

Our Cosmic Address

Local
Group

3x1022 meters

Solar System

1013 meters

Milky Way 
Galaxy

1021 meters

Local
Supercluster

1024 meters

The Visible Universe

1.3x107 meters

Earth

Our sun is one of 400 billion stars in the Milky Way galaxy, which is one of more 
than 100 billion galaxies in the visible universe. 1026 meters

For the first 380,000 years the universe was so hot that hydrogen 
atoms had not yet formed, but were separate electrons and protons.  
Photons, the particles of light, bounced back and forth from collisions 
with the electrons.  With further cooling, the electrons and protons 
stuck together in neutral atoms, nearly invisible to the photons, which 
then escaped.  We can see these very same photons today.  After 
traveling for 13.8 billion years they arrive, but with their wavelength 
stretched by a factor of 1100, since the universe itself has stretched 
by this factor during that time. 

This Cosmic Microwave Background (labeled in the central figure) is 
nearly the same viewed in every direction.  The very small variations – 
a part in 100,000 – are evidence of the small variations, which grew 
through gravitational attraction, to make the much larger variations 
we see today, things such as galaxies and solar systems.  

Dark Matter
Astronomers discovered that stars far out in a rotating galaxy move 
just as fast as those nearer the center.  This is completely unlike our 
solar system where the innermost planets move the fastest. This 
couldn’t happen if the matter in the galaxy is concentrated where we 
see stars; there must be much more unseen matter in the galaxy.   
This matter doesn’t emit light or reflect it, so we call it dark matter.  
Since dark matter doesn’t clump together with ordinary matter, we 
believe it interacts only feebly with the matter that makes up stars, 
planets, and people.

We have observed the results of a collision of two clusters of galaxies 
where the dark matter from the two clusters seems to have passed 
right through the other cluster, leaving behind the debris from the 
collision of the ordinary gas in the two clusters. Detailed 
measurements show that there is about six times more dark matter 
than ordinary matter in our universe. 

A Relic from the Early Universe

Composition of the Universe  

The universe has been expanding since an initial moment called the 
Big Bang that occurred 13.8 billion (13.8 x 109) years ago.  The 
earliest expansion – called “inflation” – was extraordinarily rapid and 
smoothed out any wrinkles or imperfections, just as we can stretch 
out a wrinkled fabric.  After inflation ended in a tiny fraction of a 
second, the universe continued to expand, becoming cooler and less 
dense.  The expansion causes the distance between distant galaxies 
to increase, and thus the distance from us to them.

The Big Bang, Inflation
& the Expanding Universe
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The concept for the above figure originated in a 1986 paper by Michael Turner. 

E = Energy of photons (units GeV = 1.6 x 10-10 joules)
t = Time (seconds, years)

Ancient light from sources billions of light-years away, such as galaxies and the cosmic background radiation, show us events 
occurring billions of years ago.  These events map out the history of the universe and even predict its fate.  

The scales in this figure are often greater by many orders of magnitude than can be shown here (especially for inflation).

By making detailed observations of distant supernovae, which are stars that 
exploded long ago, scientists discovered that the expansion of the universe is 
getting faster and faster instead of slowing down as would be expected from 
the effect of gravity pulling everything back together.  

The plot shows data (white dots) from distant supernovae. From the 
brightness of a supernova we can infer how far away it is.  By measuring the 
wavelengths of light from the supernova, we can determine how much the 
universe has expanded since the supernova explosion.  Combining these gives 
the expansion history of the universe.  

The yellow curve, with the best fit to the supernovae data, shows that about 
6 billion years ago the expansion of the universe began to accelerate (the 
data curve upward slightly).  This can only be explained by hypothesizing a 
new form of energy called “dark energy,” which must be unlike any previously 
known source of energy.

Dark matter played a crucial role in the early universe creating all the 
structures we see today. Gravity caused the dark matter to coalesce into 
strands forming an invisible skeleton, as shown in the central figure (indicated 
by “Structure formation”).  The gravity from the dark matter pulled ordinary 
matter to it.  Then galaxies grew at the intersections of these filaments.

Dark Energy and the Accelerating Universe

Invisible Skeleton of our Universe

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

-15 -10 -5 0 5 10 15

Billions (109) of  Years from Today

de
ce

ler
ati

on

acc
ele

rat
ion

Av
er

ag
e 

di
st

an
ce

s 
be

tw
ee

n 
ga

la
xi

es
 

re
la

tiv
e 

to
 to

da
y's

 d
ist

an
ce

s

The data (white dots) are in the 
blue region, which indicates that 
the expansion of the universe 
has been speeding up after 
earlier slowing down.

Plot courtesy of the Supernova C
osm

ology Project at LBN
L

If the data had been in the 
gold region, the universe 
would never accelerate, and 
if the data would have been 
on a curve such as the blue 
one, the universe would 
eventually collapse.
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Accelerating Expansion from Dark Energy

Whether the expansion of the universe will speed up, slow down, or even 
reverse into collapse depends on the types and amounts of matter and 
energy in it.  Current observations imply that the universe will keep 
expanding forever, with galaxies becoming ever more distant from one 
another.

We have an excellent understanding of ordinary matter and all the particles 
discovered at accelerators, but these account for less than 5% of the energy 
and matter in the universe.  The natures of dark energy (68% of the universe) 
and of dark matter (27%) are two of the greatest challenges scientists face 
today.

The Fate of the Universe
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Adam Riess (JHU) https://hub.jhu.edu/2018/07/12/adam-riess-universe-expansion-hubble-constant/

H0= 73.5±1.7 km/s/Mpc

— For example, for a galaxy 10 Mpc away (32.6 million light years)
radial velocity ~735 km/s (redshift) 

H0= 66.9±0.6 km/s/Mpc

From cosmic microwave background:

Question Cosmology (SM)

Particle Physics (SM)

Hubble’s constant
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July 24, 2018

Adam Riess (JHU) https://hub.jhu.edu/2018/07/12/adam-riess-universe-expansion-hubble-constant/

Question Cosmology (SM)

Particle Physics (SM)

Hubble’s constant

What could mismatch mean?  Increase radiation density, expansion rate…

Perhaps a third method based on gravitational wave detection could help?

 - existence of sterile neutrino? (not yet detected)
 - stronger interaction of dark matter? 
 - dark energy more exotic? 

Perhaps unaccounted systematic uncertainties?
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Quiz
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What is the age of our Universe?
~14 billion years, according to SM of Cosmology

Did it start from a single point at Big Bang?
no, it started from a high-density, high-temperature state 
metric expanded R(t), but still not a point (infinite if flat k=0) 
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Fraction of luminous matter in our Universe?

(A) ~0%
(B) ~0.5%
(C) ~5%
(D) ~25%
(E) ~75%

Multiple choice:
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Fraction of known matter in our Universe?
0.4%

(A) ~0%
(B) ~0.5%
(C) ~5%
(D) ~25%
(E) ~75%

Multiple choice:

Fraction of luminous matter in our Universe
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Fraction of known matter in our Universe
Fractions of antimatter in our Universe?

0.4%
4%

(A) ~0%
(B) ~0.5%
(C) ~5%
(D) ~25%
(E) ~75%

Multiple choice:

Fraction of luminous matter in our Universe
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Fraction of dark matter in our Universe?

Fraction of known matter in our Universe
Fractions of antimatter in our Universe

0.4%
4%
~0%

(A) ~0%
(B) ~0.5%
(C) ~5%
(D) ~25%
(E) ~75%

Multiple choice:

Fraction of luminous matter in our Universe

hot gasdark matter
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Fraction of dark matter in our Universe?

Fraction of known matter in our Universe
Fractions of antimatter in our Universe

0.4%
4%
~0%

(A) ~0%
(B) ~0.5%
(C) ~5%
(D) ~25%
(E) ~75%

Multiple choice:

Fraction of luminous matter in our Universe

http://chandra.harvard.edu/photo/2011/a2744/
Collision of galaxy clusters
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Fraction of dark matter in our Universe

Fraction of known matter in our Universe
Fractions of antimatter in our Universe

0.4%

23%

4%
~0%

Fraction of dark energy in our Universe?

(A) ~0%
(B) ~0.5%
(C) ~5%
(D) ~25%
(E) ~75%

Multiple choice:

Fraction of luminous matter in our Universe

Λ
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Fraction of dark matter in our Universe

Fraction of known matter in our Universe
Fractions of antimatter in our Universe

0.4%

http://science.sciencemag.org/content/sci/300/5627/1909.full.pdf

23%

4%
~0%

Fraction of dark energy in our Universe 73%

Fraction of luminous matter in our Universe
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WMAP Results

July 24, 2018

 Charles Bennett (JHU)

(Wilkinson Microwave Anisotropy Probe)

WMAP study of CMB
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Particle Physics (SM)Dark matter? +Cosmology (SM)

Recap: Current confusion in Standard Model(s)

July 24, 2018

— Dark matter? 
— Baryogensis? (matter dominance)  

baryon number violation  
CP violation  

— Dark energy?

— Higgs field and mass (hierarchy problem) 
         are neurinos special? …

— Inflation?

lack of antimatter  

Not fully explained by either SM:

Trying to approach from both directions
scalar field(s) may be at the core of solutions, Higgs field is the first observed



The Nobel Prize in Physics 2013

Andrei Gritsan, JHU III July 30, 2014July 24, 2018



How many Bosons did we know in 2012?

• We knew 12 bosons: photon, Z0, W+, W−, 8 gluons

• Photons (γ) are massless vector (spin=h̄=1) bosons

• Z0 and W± are heavy → weak force

• Gauge bosons in unified electro-weak theory

after spontaneous symmetry breaking

|γ⟩ = cos θW |B0⟩+ sin θW |W 0⟩ light (massless)

|Z0⟩ = sin θW |B0⟩+ cos θW |W 0⟩ heavy

θW - Weak mixing (Weinberg) angle

Andrei Gritsan, JHU XII July 30, 2014July 24, 2018



Path from Light to Heavy

• Early moments of the Universe

– massless particles: B0 and W 0, W+, W−,..

– all forces unify

-1.5 -1 -0.5 0 0.5 1 1.5
-0.2

0

0.2

0.4

0.6

0.8

1

• As Universe cools down

– symmetry spontaneously breaks

– weak interactions become weak (Z0, W± mass)

– Higgs field – possible mechanism

Andrei Gritsan, JHU XIII July 30, 2014July 24, 2018



The Englert-Brout-Higgs Mechanism

• Symmetry spontaneously breaks near minimum (vacuum) energy

of Higgs field (φ1,φ2,φ3,φ4)

V =
1

4
λ
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-1.5 -1 -0.5 0 0.5 1 1.5
-0.2

0

0.2

0.4

0.6

0.8

1 T > Tc

T = Tc

T < Tc

• Higgs particle described by one component of the Higgs field

h = φ1 − v

• The other Higgs field components φ2,φ3,φ4 couple to Weak bosons

Z0, W−, W+ and generate mass, longitudinal polarization (not γ)

Andrei Gritsan, JHU XIV July 30, 2014July 24, 2018



All Elementary Particles get Mass from Higgs Field

• Fermions S = h̄
2 (matter)

leptons

quarks

(anti-matter)

• Bosons S = h̄ (force carries):

← massless

(weak force bosons mass)

EM strong

Andrei Gritsan, JHU XXVII July 30, 2014July 24, 2018



Mass of Matter

• Most of our mass is protons and neutrons

– most mass is energy of quark-gluon soup: mpc
2 = E

Mass from quark-glue soup energy:

mpc
2 = 938 MeV ≃ 1.7× 10−27 kg

Mass from the Higgs field:

muc
2 ∼ 3 MeV, mdc

2 ∼ 5 MeV

but Higgs field is very important

Andrei Gritsan, JHU XXVIII July 30, 2014July 24, 2018



Stability of the Vacuum

• Higgs self-coupling λ < 0 at higher scale

– may tunnel thru ”potential barrier” ⇒ unstable Universe

– tunneling time > Universe lifetime ⇒ metastable Universe

– for mH ∼ 126 GeV/c2 and SM Higgs field ⇒ metastable

-1.5 -1 -0.5 0 0.5 1 1.5
-0.2

0

0.2

0.4

0.6

0.8

1

arXiv:1205.6497

Andrei Gritsan, JHU XXXII July 30, 2014
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Produce Detect

+ψiyijψjφ +h.c.
-V(φ)

+|Dμφ|2
…

?

?

..φ1..φ2..

Study of the H0 boson

July 24, 2018
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LHC Run-2

 43

3 fb-1 36 fb-1 

Run-3

Run-1 (2010-2012) ~25 fb-1

today

Η0 → ZZ 

ttΗ0,tΗ0 

Η0Η0

Run-2:
13 TeV

|Dμφ|2
ψiyijψjφ

V(φ)

Η0→ττ 

Some highlights at conferences this summer:

…

July 24, 2018
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+ψiyijψjφ +h.c.
-V(φ)

+|Dμφ|2
…

?

?

..φ1..φ2..

…

H(125)0 → VV 
H

W,Z

W,Z

+|Dμφ|2

H

b, ⌧, µ

b, ⌧, µf

f
ψiyijψjφ +h.c.

H(125)0 → ff 

H

H

H
V(φ)

H(125)0 → H0H0..φ1..φ2..

H(125)0,H,A,H+,H- 
more Higgs bosons

Study of the Higgs field φ

July 24, 2018
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Higgs→4ℓ  boson yield

 45

~150 events in Run-2 so far 
~20 events in Run-1 (2011+12)

H(125)0 → 4ℓ  

ZZ→ 4ℓ  

Z→4ℓ  

2018 data coming at high rate…

July 24, 2018
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…

H(125)0 → VV 
H

W,Z

W,Z

+|Dμφ|2

+Study HVV or |Dμφ|2

pdg.lbl.gov
(LHC Run 1)

CMS (Run 2): mH = 125.26 ± 0.20(stat) ± 0.08(syst) GeV

Follow PDG check-list
— mass
— lifetime
— width
— quantum numbers
— coupling strength
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SM
σ/σ = µBest fit 

0 1 2 3

0-jet
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 +0.89=0.84µ
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 +0.27=1.09µ

CMS
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Htt
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7+8 TeV

)bH(btt
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)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed
 syst)⊕ (stat σ1±

 (syst)σ1±
 syst)⊕ (stat σ2±

Andrei Gritsan, JHU  47

CMS combines Run1+2:   ttΗ0 and H0→ττ CMS-HIG-17-035

μ= 1.26+0.31, 5.2σ
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H

λt

σth=43.9pb σth=0.5pb

-0.26 Run1+2: μ= 0.98±0.18, 5.9σ

CMS-HIG-16-043

H0→ττ

ttΗ0

κf
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+Study HHH or V(φ)

H
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H
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H(125)0 → H0H0

2
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
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nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

2

(a)

g

g

h

h

g

t, b

t, b

t, b

(b)

g

g

h

h

t, b

t, b

t, b

t, b

(c)

g

g

h

hh
t, b

t, b

t, b
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conservation.
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Study of the Higgs field φ

H(125)0 is a completely new state of matter-energy

— the major LHC discovery so far

— yet it is just an extinct particle 

— what remains in the Higgs field 

— it is all around us 

— gives mass to fermions, bosons

— its potential remains to be tested, implication for our existence
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