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Part 0

The Standard Model



Borrowed from Matt Strassler’s blog: http://profmattstrassler.com/

125 GeV

http://profmattstrassler.com/


Framework

• Particles (and their antiparticles)  represented by 
fields with definite transformation properties 
under Lorentz transformations depending by 
particle’s spin


• Interactions between particles are encoded in a 
Lagrangian that is a local, hermitian and Lorentz-
invariant function of the fields


• Each spin-1 (vector) particle comes with a 
corresponding local (gauge) symmetry that is 
strictly respected by the Lagrangian 

Relativistic quantum field theory (QFT):

φ ϕ(x)

ℒ(ϕ)

∂μϕ → Dμϕ ≡ ∂μϕ − igTaAa
μϕ



• Invariance under local (gauge) symmetry 
SU(3)C*SU(2)L*U(1)Y implementing the strong, 
weak, and electromagnetic forces in nature. 
Matter content and its transformation under 
local symmetry deduced from experiment 


• Local symmetry spontaneously broken down to 
SU(3)C*U(1)EM  by vacuum expectation value of 
Higgs field H, implementing short range of the 
weak force (that is mass of W and Z bosons) 
and also allowing masses for matter fields


• Renormalizability, postulating that only 
interaction terms up to mass dimension 4 can 
appear in Lagrangian, allowing for (in principle) 
infinite precision of physical predictions

Defining principles of Standard Model

⟨H⟩ =
1

2 (0
v)

SU(3)C SU(2)W U(1)Y

q = (uL,dL) 3 2 1/6

uR 3 1 2/3

dR 3 1 -1/3

l = (νL,eL) 1 2 -1/2

eR 1 1 -1

H 1 2 1/2

Q = T3
W + Y



Standard Model Lagrangian

ℒSM = −
1
4 ∑

V∈B,Wi,Ga

VμνVμν + ∑
f∈q,u,d,l,e

if̄γμDμ f

−(ūYuqH + d̄YdH†q + ēYeH†l + h . c . )
+DμH†DμH + μ2

HH†H − λ(H†H)2

c6

Λ2
(H†H)3X
e.g.

forbidden  
by renormalizability

e.g.

VμVμX
forbidden  

by local symmetry

Dμ f = ∂μ f − igsGa
μTaf − igLWi

μ
σi

2
f − igYBμYf

Va
μν = ∂μVa

ν − ∂νVa
μ + gf abcVb

μVc
ν



Dimensional analysis crash course

Relativistic field theoryc = 1 → 3 × 108 m = 1 sec ℏ = 1 → 6.6 × 10−16 sec =
1

eV

[S] = mass0 &



Standard Model success story

• SM applied to enormous range of experimental observables, from 
collisions at the LHC (E≼ few TeV) to atomic physics (E ~ eV)


• Currently, no human-made experiment displays unambiguous 
deviation from SM prediction


• In some cases, agreement with theory and experiment reaches 
unbelievable levels, in particular for electron’s magnetic moment  

Magnetic  
moment Spin

Mass
Gyromagnetic  

factor

Fine structure 
constant

Experiment measures:  ae = 0.00115965218073(28) 
SM predicts:                   ae = 0.00115965218161(23)

Agreement up to 
13th digit! 
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FIG. 1: Self-energy-like diagramX024(abcbddecea). The straight and wavy lines represent fermion

and photon propagators, respectively. Indices assigned to the fermion lines are 1, 2, · · · , 9 from left

to right, and those to the photon lines are a, b, · · · , e. The nine vertex diagrams related to this

self-energy-like diagram are obtained by inserting an external photon vertex in each of the nine

fermion lines.

where the uncertainty comes entirely from the numerical integration of Set V and is reduced

by 43% compared to that in (11). This is the main result of our paper.

The contributions of the electroweak interaction and the hadronic interaction have been

updated recently [39] including new hadronic measurements [40, 41]:

ae(Weak) = 0.030 53 (23)× 10−12,

ae(Hadron) = {1.8490 (108)− 0.2213 (12) + 0.0280 (2) + 0.037 (5)}× 10−12

= 1.6927 (120)× 10−12, (17)

respectively, where the hadronic contribution consists of the leading-order (LO), next-to-

leading-order (NLO), and next-to-next-to-leading-order (NNLO) vacuum-polarization (VP)

contributions and the hadronic light-by-light scattering contribution from left to right. The

combined uncertainty of ae(Hadron) is the one given in Eq. (5) of Ref. [39].

It is noted that the same spectral function is used to obtain the LO-, NLO-, and

NNLO-VP contributions, and their systematic uncertainties are correlated, as pointed out
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Part 1

Why should there be 
something to discover?



Why BSM?

Standard Model (SM) is a perfectly consistent theories at accessible energies,  and it 
perfectly well describes wide range of phenomena in collider and many other experiments. 
However, it is certainly not ultimate theory of nature: 

• It will break down as perturbative theory near Planck scale, at 
E≈1019 GeV, where gravitational interactions become strong  
 

• If decoupled from gravity somehow,  U(1) hypercharge group of 
has Landau pole where its gauge coupling becomes non-
perturbative 



Why BSM?

Standard Model (SM) is a perfectly consistent theories at accessible energies,  and it 
perfectly well describes wide range of phenomena in collider and many other experiments. 
However, it is certainly not ultimate theory of nature: 

• It will break down as perturbative theory near Planck scale, at 
E≈1019 GeV, where gravitational interactions become strong

ℒSM+GR ⊃
1

MPl
hμνTμν

Tμν = FμρFρ
ν + …

ℳ(γγ → h(2)h(2)) ∼
E2

M2
Pl

ℒSM(η, ∂) → ℒSM+GR = −g (−
M2

Pl

2
R + ℒSM(g, D))

gμν = ημν +
1

MPl
hμν

Quantum theory for SM gravity

Spin-2 graviton particle 
as fluctuation of GR metric

Graviton couples to  
energy-momentum tensor

Amplitudes with graviton  
grow with energy  

and become non-perturbative 
for E > MPL
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Why BSM?

Standard Model (SM) is a perfectly consistent theories at accessible energies,  and it 
perfectly well describes wide range of phenomena in collider and many other experiments. 
However, it is certainly not ultimate theory of nature: 

• If decoupled from gravity somehow,  U(1) hypercharge group of has 
Landau pole where its gauge coupling becomes non-perturbative 

1
αi(E)

=
1

αi(mZ)
−

bi

2π
log ( E

mZ )
bY =

41
6

, b2 = −
19
6

, b3 = − 7



• Phenomenological Reasons:  
There exist experimental observations that require new physics below the Planck scale 

• Esthetic Reasons:  
Certain puzzling aspects of the SM hint at a deeper explanation via new physics

Yet we have good reasons to think that it becomes invalid well below the Planck scale: 

Why BSM?

Standard Model (SM) is a perfectly consistent theories at accessible energies,  and it 
perfectly well describes wide range of phenomena in collider and many other experiments. 

However, it is certainly not ultimate theory of nature: 



Phenomenological Reasons  
For Physics Beyond the Standard Model

• Neutrino Oscillations 


• Dark Matter


• Baryon Asymmetry


• Inflation

A number of experimental observations cannot be explained  
within the framework of the Standard Model 



(Hl)(Hl)

• Neutrino physics provides most robust evidence to 
date for existence of physics beyond SM


• In the SM, there are left-handed but no right-handed 
neutrinos. Therefore neutrinos are massless once 
condition of renormalizability is imposed


• It was discovered back in the 90s that neutrinos 
oscillate = neutrinos of different flavors change into one 
another. This happens when mass eigenstates are 
different than flavor eigenstate


• For massless particles, one can always rotate mass 
eigenstates such that they coincide with flavor 
eigenstates. Therefore, no doubt that at least 2 
neutrinos have masses, which means that SM as 
originally defined is incomplete 


• Trivial to add singlet right-handed neutrino νc and write 
new appropriate Yukawa couplings to make neutrino 
massive. But neutrinos are so much lighter than other 
fermions that we suspect different mechanism is in play

 Pheno reasons: neutrino oscillations 

X
absence of RH 
neutrino field

SM local 
symmetry

SM  
renormalizability

Xν̄RνL νLνLX

SU(3)C SU(2)W U(1)Y

q = (uL,dL) 3 2 1/6

uR 3 1 2/3

dR 3 1 -1/3

l = (νL,eL) 1 2 -1/2

eR 1 1 -1

H 1 2 1/2



• Another robust experimental fact requiring physics beyond 
the Standard Model is the existence of dark matter


• The need for a new matter component that emits little light 
has been noticed almost 100 years ago by Zwicky from 
observations of the Coma cluster


• More robust evidence for dark matter emerged in the 1970s 
from observations of galactic rotation curves by Ford, Rubin, 
Freeman and others 


• Finally, WMAP and Planck satellite observations of the CMB 
demonstrated unequivocally that dark matter cannot be made 
of any known particles  

 Pheno reasons: dark matter 

For more history see 
Bertone Hooper 

1605.04909



1) galaxy rotation curves
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The Evidence for DM

vc(r) =
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GNM(r)
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m
v2

c (r)
r

=
GNmM(r)
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⇢(r) r2dr

Slide borrowed from M. Cirelli
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Galactic collisions

Pheno Reasons - Dark matter

• In several cases of ongoing galactic 
collisions one can reconstruct 
gravitational mass distribution using 
weak lensing (small shape distortions) of 
visible objects, and combine it with 
baryonic dust distribution using x-ray 
images 


• Collisions observed in which gravitational 
potential is clearly not where most of 
visible dark matter resides


• Spectacular (though not most robust) 
evidence for collisionless dark matter 
halos comprising galaxies 



• Dark matter quantitatively predicts shape of CMB acoustic peaks. In particular, it 
predicts even-numbered peaks are enhanced, and odd-numbered ones are suppressed


• CMB measurements so precise they allow one to determine dark matter abundance 
with percent level precision!

Borrowed from S. Carroll’s blog

Pheno Reasons - Dark matter

Planck Collaboration: Cosmological parameters

Table 4. Parameter 68 % confidence limits for the base ⇤CDM model from Planck CMB power spectra, in combination with
lensing reconstruction (“lensing”) and external data (“ext,” BAO+JLA+H0). Nuisance parameters are not listed for brevity (they
can be found in the Planck Legacy Archive tables), but the last three parameters give a summary measure of the total foreground
amplitude (in µK2) at ` = 2000 for the three high-` temperature spectra used by the likelihood. In all cases the helium mass fraction
used is predicted by BBN (posterior mean YP ⇡ 0.2453, with theoretical uncertainties in the BBN predictions dominating over the
Planck error on ⌦bh2).

TT+lowP TT+lowP+lensing TT+lowP+lensing+ext TT,TE,EE+lowP TT,TE,EE+lowP+lensing TT,TE,EE+lowP+lensing+ext
Parameter 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits 68 % limits

⌦bh2 . . . . . . . . . . . 0.02222 ± 0.00023 0.02226 ± 0.00023 0.02227 ± 0.00020 0.02225 ± 0.00016 0.02226 ± 0.00016 0.02230 ± 0.00014

⌦ch2 . . . . . . . . . . . 0.1197 ± 0.0022 0.1186 ± 0.0020 0.1184 ± 0.0012 0.1198 ± 0.0015 0.1193 ± 0.0014 0.1188 ± 0.0010

100✓MC . . . . . . . . . 1.04085 ± 0.00047 1.04103 ± 0.00046 1.04106 ± 0.00041 1.04077 ± 0.00032 1.04087 ± 0.00032 1.04093 ± 0.00030

⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.066 ± 0.016 0.067 ± 0.013 0.079 ± 0.017 0.063 ± 0.014 0.066 ± 0.012

ln(1010As) . . . . . . . . 3.089 ± 0.036 3.062 ± 0.029 3.064 ± 0.024 3.094 ± 0.034 3.059 ± 0.025 3.064 ± 0.023

ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.9677 ± 0.0060 0.9681 ± 0.0044 0.9645 ± 0.0049 0.9653 ± 0.0048 0.9667 ± 0.0040

H0 . . . . . . . . . . . . 67.31 ± 0.96 67.81 ± 0.92 67.90 ± 0.55 67.27 ± 0.66 67.51 ± 0.64 67.74 ± 0.46

⌦⇤ . . . . . . . . . . . . 0.685 ± 0.013 0.692 ± 0.012 0.6935 ± 0.0072 0.6844 ± 0.0091 0.6879 ± 0.0087 0.6911 ± 0.0062

⌦m . . . . . . . . . . . . 0.315 ± 0.013 0.308 ± 0.012 0.3065 ± 0.0072 0.3156 ± 0.0091 0.3121 ± 0.0087 0.3089 ± 0.0062

⌦mh2 . . . . . . . . . . 0.1426 ± 0.0020 0.1415 ± 0.0019 0.1413 ± 0.0011 0.1427 ± 0.0014 0.1422 ± 0.0013 0.14170 ± 0.00097

⌦mh3 . . . . . . . . . . 0.09597 ± 0.00045 0.09591 ± 0.00045 0.09593 ± 0.00045 0.09601 ± 0.00029 0.09596 ± 0.00030 0.09598 ± 0.00029

�8 . . . . . . . . . . . . 0.829 ± 0.014 0.8149 ± 0.0093 0.8154 ± 0.0090 0.831 ± 0.013 0.8150 ± 0.0087 0.8159 ± 0.0086

�8⌦
0.5
m . . . . . . . . . . 0.466 ± 0.013 0.4521 ± 0.0088 0.4514 ± 0.0066 0.4668 ± 0.0098 0.4553 ± 0.0068 0.4535 ± 0.0059

�8⌦
0.25
m . . . . . . . . . 0.621 ± 0.013 0.6069 ± 0.0076 0.6066 ± 0.0070 0.623 ± 0.011 0.6091 ± 0.0067 0.6083 ± 0.0066

zre . . . . . . . . . . . . 9.9+1.8
�1.6 8.8+1.7

�1.4 8.9+1.3
�1.2 10.0+1.7

�1.5 8.5+1.4
�1.2 8.8+1.2

�1.1

109As . . . . . . . . . . 2.198+0.076
�0.085 2.139 ± 0.063 2.143 ± 0.051 2.207 ± 0.074 2.130 ± 0.053 2.142 ± 0.049

109Ase�2⌧ . . . . . . . . 1.880 ± 0.014 1.874 ± 0.013 1.873 ± 0.011 1.882 ± 0.012 1.878 ± 0.011 1.876 ± 0.011

Age/Gyr . . . . . . . . 13.813 ± 0.038 13.799 ± 0.038 13.796 ± 0.029 13.813 ± 0.026 13.807 ± 0.026 13.799 ± 0.021

z⇤ . . . . . . . . . . . . 1090.09 ± 0.42 1089.94 ± 0.42 1089.90 ± 0.30 1090.06 ± 0.30 1090.00 ± 0.29 1089.90 ± 0.23

r⇤ . . . . . . . . . . . . 144.61 ± 0.49 144.89 ± 0.44 144.93 ± 0.30 144.57 ± 0.32 144.71 ± 0.31 144.81 ± 0.24

100✓⇤ . . . . . . . . . . 1.04105 ± 0.00046 1.04122 ± 0.00045 1.04126 ± 0.00041 1.04096 ± 0.00032 1.04106 ± 0.00031 1.04112 ± 0.00029

zdrag . . . . . . . . . . . 1059.57 ± 0.46 1059.57 ± 0.47 1059.60 ± 0.44 1059.65 ± 0.31 1059.62 ± 0.31 1059.68 ± 0.29

rdrag . . . . . . . . . . . 147.33 ± 0.49 147.60 ± 0.43 147.63 ± 0.32 147.27 ± 0.31 147.41 ± 0.30 147.50 ± 0.24

kD . . . . . . . . . . . . 0.14050 ± 0.00052 0.14024 ± 0.00047 0.14022 ± 0.00042 0.14059 ± 0.00032 0.14044 ± 0.00032 0.14038 ± 0.00029

zeq . . . . . . . . . . . . 3393 ± 49 3365 ± 44 3361 ± 27 3395 ± 33 3382 ± 32 3371 ± 23

keq . . . . . . . . . . . . 0.01035 ± 0.00015 0.01027 ± 0.00014 0.010258 ± 0.000083 0.01036 ± 0.00010 0.010322 ± 0.000096 0.010288 ± 0.000071

100✓s,eq . . . . . . . . . 0.4502 ± 0.0047 0.4529 ± 0.0044 0.4533 ± 0.0026 0.4499 ± 0.0032 0.4512 ± 0.0031 0.4523 ± 0.0023

f 143
2000 . . . . . . . . . . . 29.9 ± 2.9 30.4 ± 2.9 30.3 ± 2.8 29.5 ± 2.7 30.2 ± 2.7 30.0 ± 2.7

f 143⇥217
2000 . . . . . . . . . 32.4 ± 2.1 32.8 ± 2.1 32.7 ± 2.0 32.2 ± 1.9 32.8 ± 1.9 32.6 ± 1.9

f 217
2000 . . . . . . . . . . . 106.0 ± 2.0 106.3 ± 2.0 106.2 ± 2.0 105.8 ± 1.9 106.2 ± 1.9 106.1 ± 1.8

Table 5. Constraints on 1-parameter extensions to the base⇤CDM model for combinations of Planck power spectra, Planck lensing,
and external data (BAO+JLA+H0, denoted “ext”). Note that we quote 95 % limits here.

Parameter TT TT+lensing TT+lensing+ext TT,TE,EE TT,TE,EE+lensing TT,TE,EE+lensing+ext

⌦K . . . . . . . . . . . . . . �0.052+0.049
�0.055 �0.005+0.016

�0.017 �0.0001+0.0054
�0.0052 �0.040+0.038

�0.041 �0.004+0.015
�0.015 0.0008+0.0040

�0.0039
⌃m⌫ [eV] . . . . . . . . . . < 0.715 < 0.675 < 0.234 < 0.492 < 0.589 < 0.194
Ne↵ . . . . . . . . . . . . . . 3.13+0.64

�0.63 3.13+0.62
�0.61 3.15+0.41

�0.40 2.99+0.41
�0.39 2.94+0.38

�0.38 3.04+0.33
�0.33

YP . . . . . . . . . . . . . . . 0.252+0.041
�0.042 0.251+0.040

�0.039 0.251+0.035
�0.036 0.250+0.026

�0.027 0.247+0.026
�0.027 0.249+0.025

�0.026
dns/d ln k . . . . . . . . . . �0.008+0.016

�0.016 �0.003+0.015
�0.015 �0.003+0.015

�0.014 �0.006+0.014
�0.014 �0.002+0.013

�0.013 �0.002+0.013
�0.013

r0.002 . . . . . . . . . . . . . < 0.103 < 0.114 < 0.114 < 0.0987 < 0.112 < 0.113
w . . . . . . . . . . . . . . . �1.54+0.62

�0.50 �1.41+0.64
�0.56 �1.006+0.085

�0.091 �1.55+0.58
�0.48 �1.42+0.62

�0.56 �1.019+0.075
�0.080

31

Planck,  
1502.01589



• Dark matter is also necessary to explain 
the observed dynamics of clusters of 
galaxies


• Dark Matter is essential to explain how 
present day large scale structures 
(galaxies and clusters) are compatible 
with order 10-5 fluctuations at last 
scattering surface of CMB


• Another quantitative predictions for large 
scale structure is presence of baryonic 
acoustic oscillation (BAO) peak in galaxy 
distribution


• BBN nucleosynthesis is quantitatively 
successful only assuming most of matter 
is non-baryonic

Pheno Reasons - Dark matter

4 unknown Vol. 99, 2014

Fig. 2. The baryon density from various measurements over the past two decades, as tabulated by (27), with a few
more recent updates (26; 28; 29; 30; 31; 32). Constraints from each independent method are noted by different
symbols, as noted in the inset. The data paint a broadly consistent picture — BBN is almost certainly correct
— but important tensions remain, most notably between lithium and post-CMB deuterium (33). BBN was well
established long before the start date of this graph; previous work is represented by early compilations. The first
point is the famous ⌦bh

2 = 0.0125 value (34). Note that no measurement of any isotope ever suggested a value
⌦bh

2 > 0.02 (horizontal dotted line) prior to the appearance of relevant CMB data (vertical dotted line). No fit
to the CMB that includes CDM tolerates ⌦bh

2 < 0.02. Measured values of some isotopes seem to have drifted
upwards towards the CMB values since 2000, a worrisome trend given the dangers of confirmation bias. Lithium
(derived from stellar rather than cosmic observations) has not followed this trend.

The formation of the light elements in the first few minutes of the expansion of the universe is one
of the empirical pillars of the Big Bang. Observations of the primordial abundances of the isotopes
of hydrogen, helium, and lithium provide a strong constraint on the baryon-to-photon ratio. Since the
photon energy density is well measured by the temperature of the CMB, these observations effectively
constrain the baryon density, ⌦

b

h2 (where h = H0/100 km s�1 Mpc�1). Fig. 2 shows the baryon
density estimated from many different methods. It is persistently low: ⌦

b

⇡ 0.05. In contrast, the total
gravitating mass density is ⌦

m

⇡ 0.25. Since ⌦
m

> ⌦
b

, there is a lot of mass that gravitates but which
is not baryonic.

Structure formation similarly requires some form of non-baryonic gravitating mass. The initial
condition written on the CMB is that of a hot plasma that is initially homogeneous to one part in
105 (26; 18). From this very modest starting point, the universe grew the vast diversity of large scale
structure, from individual galaxies and their contents to rich clusters, long filaments, and enormous
voids (35; 36; 37). Though the enormity of these structures initially came as a surprise, they are the
natural result of the gravitational growth of initial density fluctuations. The challenge is the amplitude:
baryons are coupled to the photon field at early times, and can grow at most ⇠ 103 in a Hubble time.
What is needed is a form of mass that does not couple to the photons so it can begin to form structure
sooner, and already have a large amplitude at the time of recombination without leaving too obvious a

c�2014 NRC Canada

McGaugh, 1404.7525



• Baryonic Tully-Fisher relation shows that 
terminal velocity of galactic rotation curves, 
presumably fixed by galactic dark matter 
content, correlates very well with baryonic 
content (stars and gas)


• One can interpret it that galactic rotation 
curves are determined by baryons, but 
Newton force law is modified at small 
accelerations  


• It is interesting that simple MOND force laws 
explains regularities in galactic dynamics over 
large range of galactic sizes and types

Pheno Reasons - Dark matter

McGaugh 9

!CD
M

M
ON
D

Ga
lax
ies

Gr
ou
ps

Cl
us
ter
s

Fig. 4. Baryonic mass as a function of circular velocity for systems ranging from dwarf spheroidals (66, squares)
through gas rich (67, light gray circles) and star dominated (68, dark gray circles) spiral galaxies to groups (69,
light gray triangles) and clusters (70, dark gray triangles) of galaxies. The prediction of MOND is shown as a
solid line and the nominal expectation of ⇤CDM is shown as a dashed line. MOND describes the data well over
six decades in mass. The inset is expanded at right to illustrate that ⇤CDM provides a better description of the
richest clusters of galaxies. Neither theory provides an entirely satisfactory description of groups. The data more
closely follow the line of constant acceleration (M / V 4

c ) expected in MOND at all scales — nearly ten decades
in baryonic mass. The discrepancy with the slope predicted by ⇤CDM for objects smaller than clusters of galaxies
leads to the inference of missing baryons (in addition to non-baryonic CDM) in each and every dark matter halo
(71).

fitting the CMB in the first case (26), or adopting the BBN value as it existed prior to relevant CMB
observations (75, see Fig. 2). In both cases, a large fraction of the expected baryons are missing.

The observed sum of baryons amounts to ⌦
b

h2
⇡ 0.016 (74). In order to address the missing

baryon problem in clusters in MOND, we need an amount that is about half again as large as the ICM
wedge in Fig. 5. This hardly makes a dent in the missing baryon problem if ⌦

b

h2 = 0.0223. For
⌦

b

h2 = 0.019, it accounts for maybe half of the missing baryons.
Given the need from BBN for unseen baryons, we cannot use the cluster data to confirm the exis-

c�2014 NRC Canada

Modified gravity as alternative to dark matter?
McGaugh, 1404.7525

without baryonic  
feedback effects



• It is interesting that MOND force laws explains better certain regularities in 
galactic dynamics over large range of galactic sizes and types


• Given robust evidence for particle dark matter, this may be hint of nature of 
dark matter interactions, such that this effective force law is reproduced

Pheno Reasons - Dark matter 4

FIG. 3. The centripetal acceleration observed in rotation
curves, g

obs

= V 2/R, is plotted against that predicted for
the observed distribution of baryons, g

bar

= |@�
bar

/@R| in
the upper panel. Nearly 2700 individual data points for 153
SPARC galaxies are shown in grayscale. The mean uncer-
tainty on individual points is illustrated in the lower left cor-
ner. Large squares show the mean of binned data. Dashed
lines show the width of the ridge as measured by the rms in
each bin. The dotted line is the line of unity. The solid line
is the fit of eq. 4 to the unbinned data using an orthogonal-
distance-regression algorithm that considers errors on both
variables. The inset shows the histogram of all residuals and
a Gaussian of width � = 0.11 dex. The residuals are shown
as a function of g

obs

in the lower panel. The error bars on the
binned data are smaller than the size of the points. The solid
lines show the scatter expected from observational uncertain-
ties and galaxy to galaxy variation in the stellar mass-to-light
ratio. This extrinsic scatter closely follows the observed rms
scatter (dashed lines): the data are consistent with negligible
intrinsic scatter.

Nevertheless, the radial acceleration relation persists
for all galaxies of all types. Some galaxies only probe the
high acceleration regime while others only probe the low
end (Fig. 2). The outer regions of high surface brightness
galaxies map smoothly to the inner regions of low surface
brightness galaxies. These very di↵erent objects evince
the same mass discrepancy at the same acceleration. In-
dividual galaxies are indistinguishable in Fig. 3.

TABLE I. Scatter Budget for Acceleration Residuals

Source Residual

Rotation velocity errors 0.03 dex

Disk inclination errors 0.05 dex

Galaxy distance errors 0.08 dex

Variation in mass-to-light ratios 0.06 dex

HI flux calibration errors 0.01 dex

Total 0.12 dex

Figure 3 combines and generalizes four well-established
properties of rotating galaxies: flat rotation curves in the
outer parts of spiral galaxies [1, 2]; the “conspiracy” that
spiral rotation curves show no indication of the tran-
sition from the baryon-dominated inner regions to the
outer parts that are dark matter-dominated in the stan-
dard model [35]; the Tully-Fisher [3] relation between the
outer velocity and the inner stellar mass, later general-
ized to the stellar plus atomic hydrogen mass [4]; and the
relation between the central surface brightness of galaxies
and their inner rotation curve gradient [37–39].
It is convenient to fit a function that describes the data.

The function [40]

g
obs

= F(g
bar

) =
g
bar

1� e�
p

gbar/g†
(4)

provides a good fit. The one fit parameter is the acceler-
ation scale, g†, where the mass discrepancy becomes pro-
nounced. For our adopted ⌥?, we find g† = 1.20 ± 0.02
(random) ±0.24 (systematic) ⇥10�10 ms�2. The ran-
dom error is a 1� value, while the systematic uncertainty
represents the 20% normalization uncertainty in ⌥?.
Equation 4 provides a good description of ⇠2700 in-

dividual data points in 153 di↵erent galaxies. This is a
rather minimalistic parameterization. In addition to the
scale g†, eq. 4 implicitly contains a linear slope at high
accelerations and g

obs

/ p
g
bar

at low accelerations. The
high end slope is sensible: dark matter becomes negligi-
ble at some point. The low end slope of the data could
in principle di↵er from that implicitly assumed by eq. 4,
but if so there is no indication in these data.
Residuals from the fit are well described by a Gaussian

of width 0.11 dex (Fig. 3). The rms scatter is 0.13 dex
owing to the inevitable outliers. These are tiny num-
bers by the standards of extragalactic astronomy. The
intrinsic scatter in the relation must be smaller still once
scatter due to errors are accounted for.
There are two types of extrinsic scatter in the radial

acceleration relation: measurement uncertainties and
galaxy to galaxy variation in ⌥?. Measurement uncer-
tainties in g

obs

follow from the error in the rotation veloc-
ities, disk inclinations, and galaxy distances. The mean
contribution of each is given in Table I. Intrinsic scatter
about the mean mass-to-light ratio is anticipated to be

4

FIG. 3. The centripetal acceleration observed in rotation
curves, g

obs

= V 2/R, is plotted against that predicted for
the observed distribution of baryons, g

bar

= |@�
bar

/@R| in
the upper panel. Nearly 2700 individual data points for 153
SPARC galaxies are shown in grayscale. The mean uncer-
tainty on individual points is illustrated in the lower left cor-
ner. Large squares show the mean of binned data. Dashed
lines show the width of the ridge as measured by the rms in
each bin. The dotted line is the line of unity. The solid line
is the fit of eq. 4 to the unbinned data using an orthogonal-
distance-regression algorithm that considers errors on both
variables. The inset shows the histogram of all residuals and
a Gaussian of width � = 0.11 dex. The residuals are shown
as a function of g

obs

in the lower panel. The error bars on the
binned data are smaller than the size of the points. The solid
lines show the scatter expected from observational uncertain-
ties and galaxy to galaxy variation in the stellar mass-to-light
ratio. This extrinsic scatter closely follows the observed rms
scatter (dashed lines): the data are consistent with negligible
intrinsic scatter.

Nevertheless, the radial acceleration relation persists
for all galaxies of all types. Some galaxies only probe the
high acceleration regime while others only probe the low
end (Fig. 2). The outer regions of high surface brightness
galaxies map smoothly to the inner regions of low surface
brightness galaxies. These very di↵erent objects evince
the same mass discrepancy at the same acceleration. In-
dividual galaxies are indistinguishable in Fig. 3.

TABLE I. Scatter Budget for Acceleration Residuals

Source Residual

Rotation velocity errors 0.03 dex

Disk inclination errors 0.05 dex

Galaxy distance errors 0.08 dex

Variation in mass-to-light ratios 0.06 dex

HI flux calibration errors 0.01 dex

Total 0.12 dex

Figure 3 combines and generalizes four well-established
properties of rotating galaxies: flat rotation curves in the
outer parts of spiral galaxies [1, 2]; the “conspiracy” that
spiral rotation curves show no indication of the tran-
sition from the baryon-dominated inner regions to the
outer parts that are dark matter-dominated in the stan-
dard model [35]; the Tully-Fisher [3] relation between the
outer velocity and the inner stellar mass, later general-
ized to the stellar plus atomic hydrogen mass [4]; and the
relation between the central surface brightness of galaxies
and their inner rotation curve gradient [37–39].
It is convenient to fit a function that describes the data.

The function [40]

g
obs

= F(g
bar

) =
g
bar

1� e�
p

gbar/g†
(4)

provides a good fit. The one fit parameter is the acceler-
ation scale, g†, where the mass discrepancy becomes pro-
nounced. For our adopted ⌥?, we find g† = 1.20 ± 0.02
(random) ±0.24 (systematic) ⇥10�10 ms�2. The ran-
dom error is a 1� value, while the systematic uncertainty
represents the 20% normalization uncertainty in ⌥?.
Equation 4 provides a good description of ⇠2700 in-

dividual data points in 153 di↵erent galaxies. This is a
rather minimalistic parameterization. In addition to the
scale g†, eq. 4 implicitly contains a linear slope at high
accelerations and g

obs

/ p
g
bar

at low accelerations. The
high end slope is sensible: dark matter becomes negligi-
ble at some point. The low end slope of the data could
in principle di↵er from that implicitly assumed by eq. 4,
but if so there is no indication in these data.
Residuals from the fit are well described by a Gaussian

of width 0.11 dex (Fig. 3). The rms scatter is 0.13 dex
owing to the inevitable outliers. These are tiny num-
bers by the standards of extragalactic astronomy. The
intrinsic scatter in the relation must be smaller still once
scatter due to errors are accounted for.
There are two types of extrinsic scatter in the radial

acceleration relation: measurement uncertainties and
galaxy to galaxy variation in ⌥?. Measurement uncer-
tainties in g

obs

follow from the error in the rotation veloc-
ities, disk inclinations, and galaxy distances. The mean
contribution of each is given in Table I. Intrinsic scatter
about the mean mass-to-light ratio is anticipated to be
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Pheno Reasons - Dark matter

DM vs MOND

DM MOND

Galactic  
rotation curves

✔ ✔

Galaxy  
clusters dynamics

✔ ?

CMB/BBN ✔ ×

Weak Lensing ✔ ?

Large Scale 
Structure

✔ ?

Galactic dynamics ? ✔



• Universe is very homogenous, and on average flat


• Temperature of cosmic microwave background at 
opposite parts of the sky is correlated


• We think these regions of the sky were once causally 
connected, and then blown apart via superluminal 
expansion == inflation


• Simplest model is the one with a scalar field slowly rolling 
down the potential hill

Pheno Reasons - Inflation



Quantum fluctuations of the inflaton field should seed density 
perturbations in the matter of the universe 

WMAP and Planck satellites have observed the sound waves due to 
these perturbations, proving that the perturbations are coherent on 

super-horizon scales 

Pheno Reasons - Inflation



Zeroth order prediction is scale-invariant spectrum of perturbation  

Due to inflaton rolling down the potential hill, there should be small 
departure from scale invariance, that  is spectral index less than 1

Pheno Reasons - Inflation

Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' � 2
N
, r ' 12

N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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• Today, the universe consists of matter and almost no 
anti-matter 


• Inflation must have wiped out any original baryon 
asymmetry and make the universe matter-antimatter 
symmetric


• Some mechanism operating during subsequent 
evolution must have produced the small baryon 
asymmetry

 Pheno reasons: matter asymmetry 



 Pheno reasons: matter asymmetry 
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Figure 1: Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-

relevant nuclear abundances. The vertical arrow indicates the moment at T9 ≃ 0.85 at

which most of the helium nuclei are synthesized. The gray vertical bands indicate main

BBN stages. From left to right: neutrino decoupling, electron-positron annihilation and n/p

freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and neutrons

(N) are given relative to nb whereas Yp denotes the 4He mass fraction.

Below we discuss the fusion of the light elements and compare their SBBN predictions with

observations.

1.1.1 O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in

its simplicity. Only a few factors that determine it. The rates for weak scattering processes

that inter-convert n ↔ p at high plasma temperatures scale as G2
FT

5, where GF is the

Fermi constant. As the Universe cools, these rates drop below the T 2-proportional Hubble

rate H(T ) Eq. (6). The neutron-to-proton transitions slow down, and the ratio of their

respective number densities cannot follow its chemical-equilibrium exponential dependence,

n/p|eq ≃ exp(−∆mnp/T ). Around T ≃ 0.7MeV this dependence freezes out to n/p ≃

1/6 but continues to decrease slowly due to residual scattering and β-decays of neutrons.

The formation of D during this intermission period is delayed by its photo-dissociation

process that occurs efficiently because of the overwhelmingly large number of photons [see

From the abundance of heavier 
elements in the universe 

we can precisely deduce the 
amount of matter and anti-

matter 
 



 Pheno reasons: matter asymmetry 

• Sakharov conditions: needs C and CP violation, as well 
as departure from thermal equilibrium 

• All these conditions satisfied in the Standard Model 

• But, CP violation in the CKM matrix is too small to 
explain the observed asymmetry  

• There must be another source of CP violation from 
beyond the Standard Model. 



Summary of Phenomenological Reasons  
For Physics Beyond the Standard Model

• Neutrino Oscillations 


• Dark Matter


• Baryon Asymmetry


• Inflation

All of them 
experimental 

facts!  



Esthetic Arguments 
For Physics Beyond the Standard Model

• Small cosmological constant


• Fermion generation structure and mass/mixing hierarchies


• Vacuum metastability 


• Gauge coupling unification


• Strong CP problem


• Naturalness problem

Certain features of the Standard Model appear ad-hoc or fine-tuned 
and we suspect that they have a deeper explanation



• Evidence for accelerated expansion from observations of distance to high-redshift 
supernovae Ia events 


• Interpreted as gravitating vacuum energy (or another negative pressure component) 


• This is corroborated by CMB pointing to spatial flatness of the universe, which requires 
additional vacuum energy component in addition to matter 


• Simple to implement in GR as cosmological constant 
but smallness of Λ may suggest it’s more complicated 

Pheno Reasons - Small cosmological constant
3

model, the values pcov ' {0.68 (“1�”), 0.95 (“2�”)} give
�2 logL/Lmax ' {11.54, 18.61} respectively.

To eliminate the so-called ‘nuisance parameters’, we
set similar bounds on the profile likelihood. Writing the
interesting parameters as ✓ and nuisance parameters as
�, the profile likelihood is defined as

Lp(✓) = max
�

L(✓,�). (11)

We substitute L by Lp in equation (10) in order to
construct confidence regions in this lower dimensional
space; ⌫ is now the dimension of the remaining param-
eter space. Looking at the ⌦m � ⌦⇤ plane, we have for
pcov ' {0.68 (“1�”), 0.95 (“2�”), 0.997 (“3�”)}, the val-
ues �2 logLp/Lmax ' {2.30, 6.18, 11.8} respectively.

A. Comparison to other methods

It is illuminating to relate our work to previously used
methods in SN Ia analyses. One method14 maximises a
likelihood, which is written in the case of uncorrelated
magnitudes as

L̃ /
Y

(2⇡�2
tot)

�1/2 exp
�

��µ2/2�2
tot

�

, (12)

so it integrates over µSN to unity and can be used for
model comparison. From Equation (3) we see that this
corresponds to assuming flat distributions for x1 and c.
However the actual distributions of x̂1 and ĉ are close to
gaussian, as seen in Fig. 1. Moreover although this likeli-
hood apparently integrates to unity, it accounts for only
the m⇤

B

data. Integration over the x1, c data demands
compact support for the flat distributions so the normal-
isation of the likelihood becomes arbitrary, making model
comparison tricky.

More commonly used1,8 is the ‘constrained �2’

�2 =
X

�µ2/(�2
µ

+ �2
int), (13)

but this cannot be used to compare models, since it
is tuned to be 1 per degree of freedom for the ⇤CDM
model by adjusting an arbitrary error �int added to each
data point. This has been criticised12,13, nevertheless the
method continues to be widely used and the results pre-
sented without emphasising that it is intended only for
parameter estimation for the assumed (⇤CDM) model,
rather than determining if this is indeed the best model.

IV. ANALYSIS OF JLA CATALOGUE

We focus on the Joint Lightcurve Analysis (JLA)
catalogue11. (All data used are available on http://

supernovae.in2p3.fr/sdss_snls_jla/ReadMe.html

— we use the covmat v6.) As shown already in Fig. 1,
the distributions of the light curve fit parameters x̂1 and

FIG. 2. Contour plot of the profile likelihood in the ⌦
m

�⌦
⇤

plane. We show 1, 2 and 3� contours, regarding all other
parameters as nuisance parameters, as red dashed lines, while
the blue lines are 1 and 2� contours from the 10-dimensional
parameter space projected on to this plane.

ĉ are well modelled as gaussians. Maximisation of the
likelihood under specific constraints is summarised in
Table I and the profile likelihood contours in the ⌦m�⌦⇤

plane are shown in Fig. 2. In Fig. 3 we compare the
measured distance modulus, ˆµSN = m̂⇤

B

�M0 +↵x̂1 ��ĉ
with its expected value in two cosmological models:
‘⇤CDM’ is the best fit accelerating universe while ‘Milne’
is an universe expanding with constant velocity. The
error bars are the square root of the diagonal elements
of ⌃

l

+ AT�1⌃dA
�1 so include both experimental

uncertainties and intrinsic dispersion. We show also the
residuals with respect to the Milne model (which has
been raised to take into account the change in M0).
To assess how well our model describes the data, we

present in Fig. 4 the ‘pull’ distribution. These are defined
as the normalised, decorrelated residuals of the data,

pulls = (Ẑ � Y0A)U�1, (14)

where U is the upper triangular Cholesky factor of the
covariance matrix ⌃d + AT⌃

l

A. Performing a K-S test,
comparing the pull distribution to a unit variance gaus-
sian gives a p-value of 0.1389.
To check the validity of our method and approxima-

tions, we do a Monte Carlo simulation of experimental
outcomes from a model with parameters matching our
best fit (see Table I). Figure 5 shows the distribution of
�2 log[Ltrue/Lmax], which is just as is expected.

V. DISCUSSION

That the SN Ia Hubble diagram appears consistent
with an uniform rate of expansion has been noted ear-

4

FIG. 3. Comparison of the measured distance modulus
with its expected value for the best fit accelerating uni-
verse (⇤CDM) and a universe expanding at constant velocity
(Milne). The error bars include both experimental uncertain-
ties and intrinsic dispersion. The bottom panel shows the
residuals relative to the Milne model.

lier16,22–24. We have confirmed this by a rigorous sta-
tistical analysis, using the JLA catalogue of 740 SN Ia
processed by the SALT2 method. We find marginal (i.e.
. 3�) evidence for the widely accepted claim that the
expansion of the universe is presently accelerating3.

The Bayesian equivalent of this method (a “Bayesian
Hierarchical Model”) has been presented elsewhere13.
We note that a Bayesian consistency test25 has been ap-
plied (albeit using the flawed ‘likelihood’ (equation 12)
and ‘constrained �2’ (equation 13) methods) to deter-
mine the consistency between the SN Ia data sets ac-
quired with di↵erent telescopes26. These authors do find
inconsistencies in the UNION2 catalogue but none in
JLA. This test had been applied earlier to the UNION2.1
compilation finding no contamination, but those au-
thors27 fixed the light curve fit ‘nuisance’ parameters, so
their result is inconclusive. Including a ‘mass step’ cor-

rection for the host galaxies of SN Ia11 has little e↵ect.
While our gaussian model (4) is not perfect, it appears

to be an adequate first step towards understanding SN
Ia standardisation. One might be concerned that various
selection e↵ects (e.g. Malmquist bias) a↵ect the data.
However to address this adequately is beyond the scope
of this work. We are concerned here solely with per-
forming the statistical analysis in an unbiased manner in
order to highlight the di↵erent conclusion from previous
analyses11 of the same data.
We wish to emphasise that whether the expansion rate

is accelerating or not is a kinematic test and it is sim-
ply for ease of comparison with previous results that we
choose to show the impact of doing the correct statistical
analysis in the usual ⇤CDM framework. In particular the
‘Milne model’ should not be taken literally to mean an
empty universe since the deceleration due to gravity can
in principle be countered e.g. by bulk viscosity associated
with the formation of structure, resulting in expansion at
approximately constant velocity even in an universe con-
taining matter but no dark energy28. Such a cosmology
is not prima facie in conflict with observations of the an-
gular scale of fluctuations in the cosmic microwave back-
ground or of baryonic acoustic oscillations, although this
does require further investigation. In any case, both of
these are geometric rather than dynamical measures and
do not provide compelling direct evidence for a cosmo-
logical constant — rather its value is inferred from the
assumed ‘cosmic sum rule’: ⌦⇤ = 1 � ⌦m + ⌦

k

. This
would be altered if additional terms due to the back re-
action of inhomogeneities are included in the Friedmann
equations29.
The CODEX experiment on the European Extremely

Large Telescope aims to measure the ‘redshift drift’ over
a 10-15 year period to determine whether the expansion
rate is really accelerating30.

FIG. 4. Distribution of pulls (14) for the best-fit model, com-
pared to a normal distribution.

Guffanti et al 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SU(3)C SU(2)W U(1)Y

q = (uL,dL) 3 2 1/6

uR 3 1 2/3

dR 3 1 -1/3

l = (νL,eL) 1 2 -1/2

eR 1 1 -1

• Why 3 generations = 
carbon copies of particles with the 
same charges and interactions but 
different masses


• SM would be perfectly consistent with 
just one generations, and basic 
physics and chemistry would be the 
same (once we readjust couplings due 
to different RG running)


• The only qualitative effect of 2nd and 
3rd generations seems to be the 
headache of flavor physics and tiny 
CP violation in certain SM processes

Fermion generations puzzle  
or, who ordered muon? 

e μ τ νe νμ ντ

u c t d s b



Fermion generation puzzles

Why masses of quarks and 
leptons from different 

generations are so different? Is 
there a pattern?  

Why quark mixing matrix is 
hierarchical? Is there a pattern?   

Why quark and neutrino mixing 
matrices are so different ? Is 

there some pattern in neutrino 
mass matrix, or is just 

anarchic?



• Given the measured parameters 
of the SM, the Higgs potential 
develops another deeper 
minimum at large field values


• Our vacuum has a finite lifetime, 
after which we will all decay  

Esthetic Reasons - Vacuum Metastability  

Degrassi et al. 
1205.6497 

Coincidence or physical law?



• Quartic Higgs coupling in the SM decreases 
with energy, and becomes negative at energies 
around 1010 GeV 


• Funny enough, also beta function for quartic 
almost vanishes just above that scale, so quartic 
stays small and slightly negative over large 
range of energies

Degrassi et al. 
1205.6497 

Esthetic Reasons - Vacuum Metastability  

Coincidence? 
Or flatness of Higgs potential at large VEV is required by some physics principle?  

Connection to inflation?



Esthetic Reasons - Quantum numbers unification

SU(3)C SU(2)W U(1)Y

q = (uL,dL) 3 2 1/6

uR 3 1 2/3

dR 3 1 -1/3

l = (νL,eL) 1 2 -1/2

eR 1 1 -1

Charges of SM fermions under hypercharge U(1) are quantized in units of 1/6 
(equivalently, electric charge quantized in units of 1/3). However, for U(1) gauge 

symmetry any real value of charge leads to a consistent theory



• 3 coupling constants in the 
Standard Model evolve with 
energy scale


• They approximately unify 
(within 20%) at energies 
near 1014-1016 GeV


• Hint of a larger more 
fundamental local 
symmetry?

Gauge couplings  unification 

Borrowed from F.Wilczek’s paper

1
αi(E)

=
1

αi(mZ)
−

bi

2π
log ( E

mZ )
b1 =

41
10

, b2 = −
19
6

, b3 = − 7



• Given field content, SM Lagrangian contains most general 
terms consistent with Lorentz symmetry, 
SU(3)xSU(2)xU(1) local symmetry, and renormalizability 


• This leads  to 18 free measurable parameters


• Most general... wait a moment 

Esthetic Reasons - Strong CP Problem 

ℒSM = −
1
4 ∑

V∈B,Wi,Ga

VμνVμν + ∑
f∈q,u,d,l,e

if̄γμDμ f

−(ūYuqH + d̄YdH†q + ēYeH†l + hc . )
+DμH†DμH + μ2

HH†H − λ(H†H)2



• Symmetries and  building principles of SM allow for one more renormalizable term 
(19th parameter θ) 


• It effectively appears via global chiral anomalies when we rephase quark fields so as to 
render their mass eigenvalues real


• This term violates P and CP


• One observable effect would be to produce an electric dipole moment for the neutron

Esthetic Reasons - Strong CP Problem 



• The  effect of θ would be to produce an electric 
dipole moment for the neutron


• Current bounds on neutron EDM imply θ≲10^-9 


• Probably hints at existence of new light degree of 
freedom that effectively makes θ dynamical 
variable with very small vacuum expectation 
value

Esthetic Reasons - Strong CP Problem 



• Only 1 mass parameter in SM Lagrangian:  
μH≈88 GeV


• Secretly, another mass parameter: 
Λ = max energy where SM is valid 


• Typical expectation is that quantum 
corrections/threshold effects should lead to 
μH ∼ Λ/π, as opposed e.g. to g ∼ Log[Λ/v]/π 

Esthetic Reasons - Naturalness Problem 

Standard 
Model

ℒSM = −
1
4 ∑

V∈B,Wi,Ga

VμνVμν + ∑
f∈q,u,d,l,e

if̄γμDμ f

−(ūYuqH + d̄YdH†q + ēYeH†l + h . c . )
+DμH†DμH + μ2

HH†H − λ(H†H)2



• We expect SM to be part of a more fundamental theory 
with new particles whose mass is above energy scale 
Λ>mZ  


• Generically, mass parameters in low energy theory receive 
quantum correction proportional to (at least) Λ, unless 
symmetry in low energy theory forbids that 


• This suggests SM should cease to be valid at scale near  
Λ ~ π mZ ~ 300 GeV.  At this point new theory should 
emerge with new particles and new symmetries to protect 
mH 

Esthetic Reasons - Naturalness Problem 



Arguments For Physics Beyond the Standard Model

• Fermion generation structure and 
mass/mixing hierarchies


• Vacuum metastability 


• Gauge coupling unification


• Strong CP problem


• Naturalness problem

Only argument directly connecting 
new physics to LHC

• Neutrino Oscillations 


• Dark Matter


• Baryon Asymmetry


• Inflation

Experimental facts Esthetics motivations



Landscape view of physics beyond the Standard Model

1 TeV 1 PeV1 GeV … 1015 GeV 1018 GeV

Explored by colliders Dragons

How can we find dark matter/inflaton/heavy neutrino 
or other animals addressing the problems of the Standard Model 

assuming mass scale of new physics  
is between few TeV and Planck scale 

?

γ,g,q,l,ν,W,Z,h



Part 2

Which BSM?



Physics beyond the Standard Model  
according to H. Murayama

We may be short on discoveries,  
but not ideas what could be discovered ;) 



Typical roads to BSM

Models addressing  
problems of the SM 

Ad-hoc models  to explain 
experimental anomalies

Model-independent 
effective theory

e.g supersymmetry 
to address naturalness,  

or axions to address  
theta-problem of QCD

e.g leptoquarks to address  
B-meson anomalies  

or milli-charged dark matter 
to address 21cm absorption signal

e.g. higher-order  
effective interactions 

added to the SM



• It is possible that we already discovered all particles in 
nature with masses lower than few TeV (or if new light 
particles exists, it is possible they are so weakly coupled 
as to be irrelevant)


• Particles heavier than few TeV cannot be directly 
produced in current experiments but, thanks to quantum 
mechanics, they can be produced virtually and still have 
non-zero impact on low-energy observables


• Irrespectively of what is the more fundamental theory 
underlying the Standard Model, this situation can be 
described in a model-independent way using an effective 
field theory (EFT) approach  

Effective field theory approach to BSM



Concept of effective Lagrangian

Consider quantum field theory with “light” fields φ and “heavy” fields H

!!

We are interested in the 
scattering amplitudes  

for “light” fields. 

E.g. 2→2 amplitude schematically:

The effective theory is a theory containing only “light” 
fields φ that reproduces all scattering amplitudes of φ 

of the full theory containing φ and H. 

E.g. 2→2 amplitude schematically:

Note that:



Propagation of heavy particle H with mass MH is suppressed at distance scale 
above its inverse mass


Processes probing distance scales L >> MH, equivalently for energy E << MH, 
cannot resolve the propagator of H 


Then, intuitively, exchange of heavy particle H between light particles φ should 
be indistinguishable from a contact interaction of φ  


In other words, the effective Lagrangian describing  φ interactions should be 
well approximated by a local Lagrangian, that is, by a polynomial in φ and its 
derivatives 

Local effective Lagrangian



Example: Fermi theory

ℒeff ⊃ −
g2

L

2m2
W

(ν̄μγαμL)(ēLγανe)ℒSM ⊃
gL

2 [(ν̄μγαμL) + (ν̄eγαeL)] W+
μ + hc .



Example: EFT for BSM

Sample Feynman Diagrams in TikZ
Vol. V: Common Processes

Flip Tanedo
flip.tanedo@uci.edu

Department of Physics & Astronomy, University of California, Irvine, ca 92697

Abstract

This is collection of useful sample Feynman diagrams and pieces typeset in TikZ. See Volume

I for background information.
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2 Higgs Production

Z’
q

q-

e-

e+

Sample Feynman Diagrams in TikZ
Vol. V: Common Processes

Flip Tanedo
flip.tanedo@uci.edu

Department of Physics & Astronomy, University of California, Irvine, ca 92697

Abstract

This is collection of useful sample Feynman diagrams and pieces typeset in TikZ. See Volume

I for background information.

1 Me Me Me

2 Higgs Production

q

- e+

e-

q

ℒBSM ⊃ g* [(q̄γαq) + (ēγαe)] Z′�α ℒeff ⊃ −
g2

*

m2
Z′�

(q̄γαq)(ēγαe)



Dimensional analysis crash course

Relativistic field theory



SMEFT Lagrangian  expanded in inverse powers of Λ, equivalently in operator dimension D

ℒSMEFT = ℒSM +
1
Λ

ℒD=5 +
1

Λ2
ℒD=6 +

1
Λ3

ℒD=7 +
1

Λ4
ℒD=8 + …

Known SM   
Lagrangian

Higher-dimensional 
interactions added to the SM

1 TeV ≲ Λ ≲ ?

ℳ ∼ ℳSM +
E
Λ

cD=5 +
E2

Λ2
cD=6 + …

Known SM  
amplitude

Corrections from 
higher-dimensional 

interactions

Can be neglected  
if E/Λ << 1

Universal language: SMEFT



• At dimension 5, the only operators one can construct are so-called Weinberg operators 
which break lepton number


• After EW breaking they give rise to Majorana mass terms for SM (left-handed) neutrinos


• Neutrino oscillation experiments suggest that these operators are present (unless right-
handed neutrinos are light or neutrinos are Dirac).

ℒSMEFT = ℒSM +
1
Λ

ℒD=5 +
1

Λ2
ℒD=6 +

1
Λ3

ℒD=7 +
1

Λ4
ℒD=8 + …

SMEFT at dimension-5

1
Λ

(liH)cij(ljH) + hc . →
v2

Λ
νL,icijνL,j + hc .

Dimension-5 interactions are special because they violate lepton number.  
Therefore, it makes to also consider dimension-6 operators, which have a wider range 

of physical effects, and are expected to provide dominant observable effects  
for most model of new physics



This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O†
eH ]IJ H†HecIH

†`J

[O†
uH ]IJ H†HucI

eH†qJ

[O†
dH ]IJ H†HdcIH

†qJ

Vertex

[O(1)
H`]IJ i¯̀I �̄µ`JH† !DµH

[O(3)
H`]IJ i¯̀I�i�̄µ`JH†�i !DµH

[OHe]IJ iecI�µē
c
JH

† !DµH

[O(1)
Hq]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq]IJ iq̄I�i�̄µqJH†�i !DµH

[OHu]IJ iucI�µū
c
JH

† !DµH

[OHd]IJ idcI�µd̄
c
JH

† !DµH

[OHud]IJ iucI�µd̄
c
JH̃

†DµH

Dipole

[O†
eW ]IJ ecI�µ⌫H

†�i`JW i
µ⌫

[O†
eB]IJ ecI�µ⌫H

†`JBµ⌫

[O†
uG]IJ ucI�µ⌫T

a eH†qJ Ga
µ⌫

[O†
uW ]IJ ucI�µ⌫

eH†�iqJ W i
µ⌫

[O†
uB]IJ ucI�µ⌫

eH†qJ Bµ⌫

[O†
dG]IJ dcI�µ⌫T

aH†qJ Ga
µ⌫

[O†
dW ]IJ dcI�µ⌫H̄

†�iqJ W i
µ⌫

[O†
dB]IJ dcI�µ⌫H

†qJ Bµ⌫

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a

14

The fields Gz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar field h corresponds to a scalar particle called the Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h = 2µ2

H = 2�v2. (2.19)

2.2 Dimension-6 operators

Bosonic CP-even

OH (H†H)3

OH⇤ (H†H)⇤(H†H)

OHD

��H†DµH
��2

OHG H†H Ga
µ⌫G

a
µ⌫

OHW H†HW i
µ⌫W

i
µ⌫

OHB H†H Bµ⌫Bµ⌫

OHWB H†�iHW i
µ⌫Bµ⌫

OW ✏ijkW i
µ⌫W

j
⌫⇢W k

⇢µ

OG fabcGa
µ⌫G

b
⌫⇢G

c
⇢µ

Bosonic CP-odd

O
H eG H†H eGa

µ⌫G
a
µ⌫

O
HfW H†H fW i

µ⌫W
i
µ⌫

O
H eB H†H eBµ⌫Bµ⌫

O
HfWB

H†�iH fW i
µ⌫Bµ⌫

OfW ✏ijkfW i
µ⌫W

j
⌫⇢W k

⇢µ

O eG fabc eGa
µ⌫G

b
⌫⇢G

c
⇢µ

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensions D=6 in Eq. (2.1).

Their importance for characterizing low-energy e↵ects of heavy particles has been

recognized long ago, see e.g. [21, 35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di↵erent higher-dimensional operators can have the same e↵ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, field redefinitions, or Fierz transformations.
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(R̄R)(R̄R)

Oee ⌘(ec�µēc)(ec�µēc)

Ouu ⌘(uc�µūc)(uc�µūc)

Odd ⌘(dc�µd̄c)(dc�µd̄c)

Oeu (ec�µēc)(uc�µūc)

Oed (ec�µēc)(dc�µd̄c)

Oud (uc�µūc)(dc�µd̄c)

O0
ud (uc�µT aūc)(dc�µT ad̄c)

(L̄L)(R̄R)

O`e (¯̀̄�µ`)(ec�µēc)

O`u (¯̀̄�µ`)(uc�µūc)

O`d (¯̀̄�µ`)(dc�µd̄c)

Oeq (ec�µēc)(q̄�̄µq)

Oqu (q̄�̄µq)(uc�µūc)

O0
qu (q̄�̄µT aq)(uc�µT aūc)

Oqd (q̄�̄µq)(dc�µd̄c)

O0
qd (q̄�̄µT aq)(dc�µT ad̄c)

(L̄L)(L̄L)

O`` ⌘(¯̀̄�µ`)(¯̀̄�µ`)

Oqq ⌘(q̄�̄µq)(q̄�̄µq)

O0
qq ⌘(q̄�̄µ�iq)(q̄�̄µ�iq)

O`q (¯̀̄�µ`)(q̄�̄µq)

O0
`q (¯̀̄�µ�i`)(q̄�̄µ�iq)

(L̄R)(L̄R)

Oquqd (ucqj)✏jk(dcqk)

O0
quqd (ucT aqj)✏jk(dcT aqk)

O`equ (ec`j)✏jk(ucqk)

O0
`equ (ec�̄µ⌫`j)✏jk(uc�̄µ⌫qk)

O`edq (¯̀̄ec)(dcq)

Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di↵erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

• In the SM, the electroweak parameters gL, gY , v are customarily determined

from input observables: the electromagnetic coupling constant ↵, the Z boson

mass mZ , and the muon lifetime ⌧µ. In the presence of D=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operator OHD contributes to the

16

Full set has 2499 distinct operators,  
including flavor structure and CP conjugates

Alonso et al 1312.2014, Henning et al 1512.03433

Grządkowski et al.

 1008.4884

Dimension 6 operators - baryon number conserving

http://arxiv.org/abs/1303.3876


• In a sense, the future of particle physics is 
about determining the Wilson coefficients of 
all these higher-dimensional operators


• More optimistically, probing an operator 
suppressed by the scale Λ corresponds to 
performing an experiment at an experiment at 
the energy scale Λ. The exciting point is that 
in many cases Λ >> TeV, thus we are not 
limited by the LHC reach in exploring high 
energies! 


• EFT language does not describe all possible 
form of new physics. However it is a very 
universal language that allows us to 
systematize our thinking and better plan and  
design future experiments 

Effective theory approach to BSM

M. González-Alonso

Summary

SMEFT as a useful framework / tool: 
Efficiency; 
Meaning of SM tests. 
Model-indep. but not assumption indep.! 

LHC bounds (on some interactions!) are very strong,  
but they come with a series of caveats.  
 
[If the applicability of the EFT bounds becomes too  
involved, then the initial motivation is lost…]

Quadratic

Linear



Part 3

Future of collider physics



• For the last 70 years or so, most of the information about the structure of the fundamental 
interactions was deduced from observation of particle collisions in high-energy colliders 


• Collisions with center-of-mass energy E are most robust way to probe degrees of freedom at 
the distance scale 1/E 

Past of collider physics

Particle Year Collider Energy Place

Higgs boson 2012 LHC 8 TeV Europe

Top  
quark

1995 Tevatron 1.8 TeV USA

W/Z bosons 1984 SppS 630 GeV Europe

Gluon 1979 PETRA 38 GeV Europe

Bottom quark 1977 E288 20 GeV USA

Tau lepton 1975 SPEAR 3 GeV USA

Charm quark 1974 SLAC/BNL 3 GeV USA

…



The colliders, which could be realized thanks to this advancing technology,
have proven powerful instruments for discovery and precision measurement. All
the heavier particles of the standard model were produced at colliders: the tau
lepton and charm quark at SPEAR, the top quark at the Tevatron, the gluon
at PETRA, the W and Z bosons at the Spp̄S collider, and the Higgs boson at
the LHC. These and other colliders appear in Fig. 1.

Figure 1: Centre-of-mass energy of particle colliders versus year [4, 5].

The past progress was enabled by the introduction of new concepts (e.g.,
strong focusing, separate function magnets, colliding beams) as much as by the
emergence of new technologies, in particular ones based on superconductivity.
PETRA, TRISTAN and LEP-II started the massive use of superconducting
radiofrequency (rf) systems. The Tevatron was the first accelerator based on
superconducting magnets. HERA, RHIC, and the LHC used, or use, both
superconducting magnets and superconducting rf.

In addition to energy and specific cost, also the accelerator performance was
tremendously improved over time: Every year the LHC delivers more luminosity
than all the previous hadron colliders together had accumulated over their entire
operating history.

2. Pushing the Energy Frontier in the 21st Century

A very large circular hadron collider appears to be the only feasible approach
to reach 100 TeV c.m. collision energy in the coming decades. Such collider
would o↵er access to new particles through direct production in the few-TeV

2

Colliders so far

LEP
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Figure 1: Transverse mass distributions for events satisfying all selection criteria in the (a) electron and (b) muon
channels. The distributions in data are compared to the stacked sum of all expected backgrounds. As examples,
expected signal distributions for three di�erent SSM W

0 boson masses are shown on top of the SM prediction. The
bin width is constant in log(mT). The middle panels show the ratios of the data to the expected background, with
vertical bars representing both data and MC statistical uncertainties. The lower panels show the ratios of the data
to the adjusted expected background (post-fit) that results from the statistical analysis. The bands in the ratio plots
indicate the total systematic uncertainty from the sources discussed in Section 6, including the integrated luminosity.

the 2015 (2016, 2017) data-taking period, events were recorded by a trigger requiring at least one electron
with pT > 24 (60) GeV which satisfied the medium identification criteria, or at least one electron with
pT > 120 (140) GeV which satisfied the loose identification criteria. The identification criteria for
electrons at trigger level are similar to those used in the o�ine reconstruction [28].

Events recorded by the trigger are further selected by requiring that they contain exactly one lepton. In the
muon channel, the magnitude of E

miss
T must exceed 55 GeV and the muon has to fulfil the tight requirements

for high-pT muons detailed in Section 4 and have pT > 55 GeV. In the electron channel, the electron must
satisfy the tight identification criteria, and the electron pT and the magnitude of E

miss
T must both exceed

65 GeV. Events in both channels are vetoed if they contain additional leptons satisfying loosened selection
criteria, namely electrons with pT > 20 GeV satisfying the medium identification criteria or muons with
pT > 20 GeV passing the muon selection without the stringent requirements on the MS track quality.
In addition, the transverse mass is required to exceed 300 GeV in both channels. A higher value of the
transverse mass than in the previous analysis [6] is required because the region below 300 GeV is a�ected
by E

miss
T -related modeling e�ects that require further study. The acceptance times e�ciency, defined as

the fraction of simulated signal events that pass the event selection described above, is 50% (44%) for the
muon channel and 78% (71%) for the electron channel for a W

0 mass of 2 TeV (4 TeV). The di�erence in
acceptance times e�ciency between the two channels results from lower muon trigger e�ciency and, due
to the very strict muon selection criteria applied, a lower muon identification e�ciency.

The expected number of background events is calculated as the sum of the data-driven and simulated

6

LHC current reach 

Current reach for new heavy charged spin-1 bosons: M ~ 5 TeV 



Future of the LHC

For the next ~20 years LHC will operate at the same or almost the same energy as today 
However, the amount of data will increase tremendously,  

about 30 times more than what is available today



• More precise measurements 
 (e.g. of Higgs boson couplings)


• Better constraints on rate of rare or 
forbidden processes (e.g. Z → μ+ e-)


• More events on the high-energy tail, so 
effectively increased energy reach

Motivation for HL-LHC

Δ ∼
1

N
→

ΔHL−LHC

ΔLHC
∼

1

10
∼

1
3

Advantages of more data



HL-LHC constraints from the tail
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Figure 1: Transverse mass distributions for events satisfying all selection criteria in the (a) electron and (b) muon
channels. The distributions in data are compared to the stacked sum of all expected backgrounds. As examples,
expected signal distributions for three di�erent SSM W

0 boson masses are shown on top of the SM prediction. The
bin width is constant in log(mT). The middle panels show the ratios of the data to the expected background, with
vertical bars representing both data and MC statistical uncertainties. The lower panels show the ratios of the data
to the adjusted expected background (post-fit) that results from the statistical analysis. The bands in the ratio plots
indicate the total systematic uncertainty from the sources discussed in Section 6, including the integrated luminosity.

the 2015 (2016, 2017) data-taking period, events were recorded by a trigger requiring at least one electron
with pT > 24 (60) GeV which satisfied the medium identification criteria, or at least one electron with
pT > 120 (140) GeV which satisfied the loose identification criteria. The identification criteria for
electrons at trigger level are similar to those used in the o�ine reconstruction [28].

Events recorded by the trigger are further selected by requiring that they contain exactly one lepton. In the
muon channel, the magnitude of E

miss
T must exceed 55 GeV and the muon has to fulfil the tight requirements

for high-pT muons detailed in Section 4 and have pT > 55 GeV. In the electron channel, the electron must
satisfy the tight identification criteria, and the electron pT and the magnitude of E

miss
T must both exceed

65 GeV. Events in both channels are vetoed if they contain additional leptons satisfying loosened selection
criteria, namely electrons with pT > 20 GeV satisfying the medium identification criteria or muons with
pT > 20 GeV passing the muon selection without the stringent requirements on the MS track quality.
In addition, the transverse mass is required to exceed 300 GeV in both channels. A higher value of the
transverse mass than in the previous analysis [6] is required because the region below 300 GeV is a�ected
by E

miss
T -related modeling e�ects that require further study. The acceptance times e�ciency, defined as

the fraction of simulated signal events that pass the event selection described above, is 50% (44%) for the
muon channel and 78% (71%) for the electron channel for a W

0 mass of 2 TeV (4 TeV). The di�erence in
acceptance times e�ciency between the two channels results from lower muon trigger e�ciency and, due
to the very strict muon selection criteria applied, a lower muon identification e�ciency.

The expected number of background events is calculated as the sum of the data-driven and simulated
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NLHC ≈ 1 × (1 +
(5 TeV)2

Λ2 )
2

NHL−LHC ≈
LHL−LHC

LLHC
× (1 +

(5 TeV)2

Λ2 )
2

2
LHL−LHC

LLHC

(5 TeV)2

Λ2
HL−LHC

≤ 2
LHL−LHC

LLHC

ΛHL−LHC ≥ 5 TeV ( LHL−LHC

LLHC )
1/4
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S ∼ B ⋅ R

How to increase collision energy

We need a bigger magnet We need a bigger collider



HE-LHC

parameter FCC-hh HE-LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27

beam current [A] 0.5 1.12 (1.12) 0.58

bunch intensity  [1011] 1 (0.5) 2.2 (2.2) 1.15
bunch spacing  [ns] 25 (12.5) 25 (12.5) 25
norm. emittance gex,y [mm] 2.2 (2.2) 2.5 (1.25) (2.5) 3.75
IP b*

x,y [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm-2s-1] 5 30 25 (5) 1
peak #events / bunch Xing 170 1000 (500) 800 (400) (135) 27
stored energy / beam [GJ] 8.4 1.4 (0.7) 0.36
SR power / beam [kW] 2400 100 (7.3) 3.6
transv. emit. damping time [h] 1.1 3.6 25.8
initial proton burn off time [h] 17.0 3.4 3.0 (15) 40

hadron collider parameters (pp)

Current technology may allow one to reach magnetic field of 16 T,  
   factor of two larger then that at the LHC, leading to two-fold energy increase 
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FCC CepC
Future Circular Collider 
FCC-ee: e+e- with √s = 90 - 350 GeV 
FCC-hh: pp with √s ~ 100 TeV 
Circumference: 80-100 km 

Circular Electron Positron Collider 
CepC:  e+e- with √s = 240 - 250 GeV 
SppC: pp with  √s = 70 - 100 TeV 
Circumference/Length: 54-100 km

schematic at CERN location investigated site in China

FCC



• Directly exploring new energy 
range in search for new 
particles


• Energy = accuracy, for 
processes whose cross section 
grows with energy


• Access to Standard Model 
processes whose cross section 
at the LHC is too small to be 
observable

Motivation for higher energy colliders

Advantages of more energy



• Use 100km collider (in the first stage) as ~250 GeV e+e- 

collider, to serve as a Higgs factory


• Muon collider to lower synchrotron emission


• Linear e+e- collider to avoid synchrotron emission 
completely


• Wake field plasma acceleration


• …

Other collider ideas



ILC

Initially ~20km machine colliding electrons and positrons in Kitakami/Japan,  
with c.o.m energy of 250 GeV. Upgradable to ~30km and 500 GeV 

Clean environment of e+e- collisions together with high luminosity will allow for  
per-mille level precision studies of Higgs boson interactions

d’obtenir deux ou trois événements – la création du Higgs –

toutes les cent collisions de particules; c’est vingt millions de

fois plus qu’au LHC.» Et donc, la garantie d’un environnement

propre et de mesures de haute précision.

Dans sa première mouture, l’instrument devait mesurer 33,5

kilomètres, pour une énergie de 500 GeV et un prix estimé à

huit milliards de francs. En 2012, la communauté scienti#que

japonaise a proposé de l’héberger, avec un argument de poids:

le Japon co#nance de nombreux instruments internationaux

de physique, mais n’en héberge aucun sur son sol. Restait à

convaincre Tokyo de signer un chèque conséquent: en 2005, le

pays a raté ITER, le réacteur international à fusion nucléaire.

L’UE a proposé de #nancer 45% d’un montant estimé,

aujourd’hui, à 23 milliards de francs. Le réacteur se construit à

Cadarache, dans le sud-est de la France, Paris payant plus de

20% de la facture européenne.

Notre reportage: ITER, au pas de charge sur le chemin de la

fusion

Le schéma de l'ILC

Wikipedia / CC

The ILC in 2 minutes (subtitles available in English, Chinese, French, German, Japan…

for the latest news see 1710.07621 and 1711.00568

Figure 3: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from [2].

13



Pr
ec

is
io

n 
of

 H
ig

gs
 b

os
on

 c
ou

pl
in

gs
 [%

]

0

2

4

6

8

10

12

g(hZZ)
g(hWW) )γγ

g(h g(hbb) )ττ
g(h g(hgg)

g(hcc) Z)γ
g(h

)µµ
g(h g(htt)

11
%

14
%

 fit)κ (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent -1LHC 3000 fb

 (Model Independent EFT fit)-1 ILC 250 GeV, 2000 fb⊕ -1LHC 3000 fb

 (Model Independent EFT fit)-1 350 GeV, 200 fb⊕ -1 ILC 500 GeV, 4000 fb⊕

-1 ILC 250 GeV, 2000 fb⊕ -1LHC 3000 fb

Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [24].
Earlier projections for HL-LHC are summarized in [29].
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Higgs couplings precision measurements

1710.07621



• Cleaner environment of lepton 
colliders allows for very precise 
measurements of cross 
sections and branching 
fractions 


• Precision measurements 
effectively allow one to probe 
physics at energies much larger 
than the direct energy reach of 
the machine

Motivation for lepton colliders

Advantages of  lepton colliders



Operators to Observables to Constraints

But then *all* Higgs boson couplings 
present in SM are universally rescaled

Bound on Wilson coefficient cH☐ from Higgs signal strength measurements at LHC

Run-1 ATLAS+CMS

1606.02266

For the negative-sign bound
weakly coupled

strongly coupled

L � �cH⇤
⇤2

@µ(H
†H)@µ(H

†H)

⇤ &
⇢

9 TeV g⇤ ⇠ 4⇡
700 GeV g⇤ ⇠ 1

⇤

g⇤
& 0.7 TeV.

http://arxiv.org/abs/1606.02266


Operators to Observables to Constraints

But then *all* Higgs boson couplings 
present in SM are universally rescaled

Bound on Wilson coefficient cH☐ from Higgs signal strength measurements at LHC

ILC

3606.02266

weakly coupled
strongly coupled

L � �cH⇤
⇤2

@µ(H
†H)@µ(H

†H)

µ = 1.000± 0.001 �0.002 <
cH⇤v2

⇤2
< 0.002 @95%CL

⇤

g⇤
& 5.5 TeV . ⇤ &

⇢
70 TeV g⇤ ⇠ 4⇡
5.5 TeV g⇤ ⇠ 1



1 TeV 100 TeV1 GeV … 1015 GeV 1018 GeV

Explored by colliders Dragons

To be explored by Higgs physics,  
on the timescale of 10-15 years

Explored by Higgs physics,  
at the LHC



Part 4 

Future of  
low-energy precision physics 



Landscape view of physics beyond the Standard Model

1 TeV 1 PeV1 GeV … 1015 GeV 1018 GeV

Explored by colliders Dragons

How can we find dark matter/inflaton/heavy neutrino 
or other physics addressing problems of the Standard Model 

assuming mass scale of new physics  
is between few TeV and Planck scale?  



Example: Grand unification

∑
f

f̄γμ (gsGa
μTa + gLWi

μ
σi

2
+ gYBμY) f ⊂ gGUTψ̄γμVα

μTαψ

SM gauge interactions GUT gauge interactions

Generators of 
larger group G 

containing 
SU(3)C*SU(2)L*U(1)

Y

SU(3)C SU(2)W U(1)Y

q = (uL,dL) 3 2 1/6

uR 3 1 2/3

dR 3 1 -1/3

l = (νL,eL) 1 2 -1/2

eR 1 1 -1

Gauge field of 
larger group G 

containing  
SM gauge fields

unified 
coupling 
constant

Representation of  G 
containing all SM fermions



SU(3)C SU(2)W U(1)Y

q = (uL,dL) 3 2 1/6

uR 3 1 2/3

eR 1 1 -1

dR 3 1 -1/3

l = (νL,eL) 1 2 -1/2

SU(5) grand unification

SU(5)

5 =
νL
eL

d̄R(×3)
10 =

uL(×3)
dL(×3)
ūR(×3)

ēR

Vα
μTα =

Wi
μ

σi

2
X

X† Ga
μ

λa

2

+ …



SU(5) grand unification

( l
d̄R)

†

γμ
Wi

μ
σi

2
X

X Ga
μ

λa

2
( l

d̄R)

“Off-diagonal” gauge boson mediate 
new interactions between quarks and leptons 

which can lead to proton decay, e.g.

u u

proton pion

p → e+π0



SU(5) grand unification

( l
d̄R)

†

γμ
Wi

μ
σi

2
X

X Ga
μ

λa

2
( l

d̄R) + …

“Off-diagonal” gauge boson mediate

new interactions between quarks and leptons


which can lead to proton decay, e.g.

u u

proton pion

p → e+π0

Sample Feynman Diagrams in TikZ
Vol. V: Common Processes

Flip Tanedo
flip.tanedo@uci.edu

Department of Physics & Astronomy, University of California, Irvine, ca 92697

Abstract

This is collection of useful sample Feynman diagrams and pieces typeset in TikZ. See Volume

I for background information.

1 Me Me Me

2 Higgs Production

qL

- qL

e+

uR



• Special subclass of dimension-6 operators 
violating baryon and lepton numbers (but 
preserving B-L)


• They lead to baryon number violating transitions 
which in particular  enable proton decay, e.g. via 
p → π0 e+ 


• Scale ΛB suppressing these operators must be of 
order 1016 GeV 

Proton decay: model independent analysis

ℏ = 1 → 1 sec =
1.5 × 1024

GeV

ℒSMEFT ⊃
1

Λ2
B

(qLqL)(ūRēR)

u u

proton pion

Explored by proton decay

1 TeV 1 PeV1 GeV … 1015 GeV 1018 GeV

Explored by colliders Dragons



Hyperkamiokande project

Basically, a huge 74x60m water tank  equipped with photomultipliers 
To start operation in 2026 near Kamioka in Japan 



1.3 Nucleon Decay Experiments: Past, Present and Future xvii

corresponds to 20% coverage; however recent PMT manufacturing by Hamamatsu o↵ers higher quantum
e�ciency than previous generation PMTs such as those used in Super-K. It is safe to assume an overall signal
e�ciency of 40%, where the ine�ciency is dominated by nuclear interaction of the pion. For comparison,
the detection e�ciency for decay of a free proton in H

2

O is 87%. The background rate is well-established
as discussed in the previous section, and one can conservatively assume 2 events per Mton-years. Based on
these numbers, the 90% C.L. sensitivity of Hyper-K for a 10-year exposure is greater than 1035 years, as
shown in Fig. 1-5.

Assuming the same analysis techniques employed by Super-Kamiokande, one can estimate the sensitivity of
Hyper-Kamiokande. Most sensitivity comes from the two relatively background-free techniques: K+ ! ⇡+⇡0

and K ! µ+⌫ with nuclear-� tag. Based on the background rate in Table 1-3, a 10-year exposure would
have an expected background between 20 and 35 events. If the detected number of events are equal to
the background rate, the 90% C.L. limit would be roughly 3 ⇥ 1034 years. This estimation assumes no
reoptimization of the analysis (tighter cuts) to accomodate the higher background rate has been performed.
Fig. 1-5 shows the 90% CL sensitivity curve for the p ! ⌫K+ mode as a function of the detector exposure.
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Figure 1-5. Sensitivities of the Hyper-Kamiokande proton decay search as a function of detector exposure,
at the 90% C.L. The blue curves on the left side shows the expected sensitivity for continued running of
Super-K; the red curves on the right show the sensitivity for Hyper-Kamiokande. The upper solid curves
are for p ! e+⇡0, for both experiments; the lower solid curve are for p ! ⌫K+.

Community Planning Study: Snowmass 2013

• Current limit on proton lifetime probe new physics up to ΛB of order 1016 GeV ! 


• Baryon violating dimension-6 operators are best probed of all


• Limits on scale ΛB will get improved by factor of 2 in coming decades

C Nucleon decay searches 27

DUNE (40 kt)

Hyper-K

Hyper-K

1032 1033 1034

Soudan Frejus Kamiokande

KamLAND

IMB

o/B (years)

Super-K

1035
1031

minimal SU(5) minimal SUSY SU(5)
flipped SU(5)

SUSY SO(10)
non-SUSY SO(10) G224D

minimal SUSY SU(5)

SUSY SO(10)

6D SO(10)

non-minimal SUSY SU(5)
predictions

predictions

FIG. 3. A comparison of historical experimental limits on the rate of nucleon decay for several key modes to

indicative ranges of theoretical prediction. Included in the figure are projected limits for Hyper-Kamiokande

and DUNE based on 10 years of exposure.

those involving kaons.

The message the reader should conclude from this figure is that 10 years of Hyper-K exposure

is sensitive to lifetimes that are commonly predicted by modern grand unified theories. The key

decay channel p ! e+⇡0 has been emphasized, because it is dominant in a number of models, and

represents a nearly model independent reaction mediated by the exchange of a new heavy gauge

boson with a mass at the GUT scale. The other key channels involve kaons, wherein a final state

containing second generation quarks are generic predictions of GUTs that include supersymmetry.

Example Feynman diagrams are shown in Fig. 4.

Generally, nucleon decay may occur through multiple channels and ideally, experiments would

reveal information about the underlying GUT by measuring branching ratios. It is a strength of

Hyper-K that it is sensitive to a wide range of nucleon decay channels, however the few shown here

are su�cient to discuss the details of the search for nucleon decay by Hyper-Kamiokande later in

this document.

Practically, because of the stringent limits from more than 300 kt·y of Super-K running, the next

generation experiments will have to concentrate on the discovery of nucleon decay, perhaps by one

or a small number of events. The predictions are uncertain to two or three orders of magnitude,

Hyperkamiokande project



Proton decay summary

Explored by proton decay

1 TeV 1 PeV1 GeV … 1015 GeV 1018 GeV

Explored by colliders Dragons

General lessons

• Reach for new physics can be largely superior compared to what we can 
directly explore using colliders 

• Observables where the Standard Model predicts zero signal, or its prediction is 
extremely suppressed, are most favorable in terms on the new physics reach 

• This is the case when new physics violates (exact or approximate) global 
symmetries of the Standard Model 



• Baryon number 
conservation


• Lepton number 
conservation


• Lepton flavor number 
conservation

Interlude: global symmetries of the Standard Model

Exact Approximate

• Flavor symmetry


• CP


• Parity



ℒ ⊃
gL

2
ν̄Lγμ[1]ℓLW+

μ + ℓ̄R[Me]ℓL + νT
L[Mν]νL + hc .

PMNS matrix

ℓ = (
e
μ
τ) ν =

νe
νμ
ντ

Me = V†
e Mdiag

e Ue Mν = UT
ν Mdiag

e Uν

ℓL → UeℓL, ℓR → VeℓR, νL → UννL,

ℒ ⊃
gL

2
ν̄Lγμ[U†

ν Ue]ℓLW+
μ + ℓ̄R[Mdiag

e ]ℓL + νT
L[Mdiag

ν ]νL + hc .

PMNS matrix: VP = U†
ν Ue

Equivalently, rotate:

ℒ ⊃
gL

2
ν̄Lγμ[1]ℓLW+

μ + ℓ̄R[Mdiag
e ]ℓL + νT

LV†
P[Mdiag

ν ]VPνL + hc .
νL → VPνL,
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1 Introduction

Experiments measuring the flavor composition of solar neutrinos, atmospheric neutrinos,

neutrinos produced in nuclear reactors and in accelerators have established that lepton fla-

vor is not conserved in neutrino propagation, but it oscillates with a wavelength depending

on distance and energy, because neutrinos are massive and the mass states are admixtures

of the flavor states [1, 2], see Ref. [3] for an overview.

With the exception of a set of unconfirmed “hints” of possible eV scale mass states

(see Ref. [4] for a recent review), all the oscillation signatures can be explained with the

three flavor neutrinos (⌫
e

, ⌫
µ

, ⌫
⌧

), which can be expressed as quantum superpositions of

three massive states ⌫
i

(i = 1, 2, 3) with masses m
i

. This implies the presence of a leptonic

mixing matrix in the weak charged current interactions [5, 6] which can be parametrized

as:

U =

0

B@
1 0 0

0 c

23

s

23

0 �s

23

c

23

1

CA ·

0

B@
c

13

0 s

13

e

�i�CP

0 1 0

�s

13

e

i�CP 0 c

13

1

CA ·

0

B@
c

12

s

12

0

�s

12

c

12

0

0 0 1

1

CA · P (1.1)

where c

ij

⌘ cos ✓
ij

and s

ij

⌘ sin ✓
ij

. The angles ✓
ij

can be taken without loss of generality

to lie in the first quadrant, ✓
ij

2 [0,⇡/2], and the phase �
CP

2 [0, 2⇡]. Here P is a diagonal

– 1 –

     VP

PMNS matrix

Normal Ordering (best fit) Inverted Ordering (��2 = 0.83) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin2 ✓12 0.306+0.012
�0.012 0.271 ! 0.345 0.306+0.012

�0.012 0.271 ! 0.345 0.271 ! 0.345

✓12/
� 33.56+0.77

�0.75 31.38 ! 35.99 33.56+0.77
�0.75 31.38 ! 35.99 31.38 ! 35.99

sin2 ✓23 0.441+0.027
�0.021 0.385 ! 0.635 0.587+0.020

�0.024 0.393 ! 0.640 0.385 ! 0.638

✓23/
� 41.6+1.5

�1.2 38.4 ! 52.8 50.0+1.1
�1.4 38.8 ! 53.1 38.4 ! 53.0

sin2 ✓13 0.02166+0.00075
�0.00075 0.01934 ! 0.02392 0.02179+0.00076

�0.00076 0.01953 ! 0.02408 0.01934 ! 0.02397

✓13/
� 8.46+0.15

�0.15 7.99 ! 8.90 8.49+0.15
�0.15 8.03 ! 8.93 7.99 ! 8.91

�CP/
� 261+51

�59 0 ! 360 277+40
�46 145 ! 391 0 ! 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.03 ! 8.09 7.50+0.19

�0.17 7.03 ! 8.09 7.03 ! 8.09

�m2
3`

10�3 eV2 +2.524+0.039
�0.040 +2.407 ! +2.643 �2.514+0.038

�0.041 �2.635 ! �2.399


+2.407 ! +2.643
�2.629 ! �2.405

�

Table 1. Three-flavor oscillation parameters from our fit to global data after the NOW 2016 and
ICHEP-2016 conference. The numbers in the 1st (2nd) column are obtained assuming NO (IO),
i.e., relative to the respective local minimum, whereas in the 3rd column we minimize also with
respect to the ordering. Note that �m

2
3` ⌘ �m

2
31 > 0 for NO and �m

2
3` ⌘ �m

2
32 < 0 for IO.

the statistical distribution of the marginalized ��

2 for �
CP

and ✓

23

(and consequently the

corresponding CL intervals) may be modified [54, 55]. In Sec. 4 we will discuss and quantify

these e↵ects.

In Tab. 1 we list the results for three scenarios. In the first and second columns we

assume that the ordering of the neutrino mass states is known a priori to be Normal

or Inverted, respectively, so the ranges of all parameters are defined with respect to the

minimum in the given scenario. In the third column we make no assumptions on the

ordering, so in this case the ranges of the parameters are defined with respect to the global

minimum (which corresponds to Normal Ordering) and are obtained marginalizing also

over the ordering. For this third case we only give the 3� ranges. In this case the range

of �m

2

3`

is composed of two disconnected intervals, one containing the absolute minimum

(NO) and the other the secondary local minimum (IO).

Defining the 3� relative precision of a parameter by 2(xup � x

low)/(xup + x

low), where

x

up (xlow) is the upper (lower) bound on a parameter x at the 3� level, we read 3� relative

precision of 14% (✓
12

), 32% (✓
23

), 11% (✓
13

), 14% (�m

2

21

) and 9% (|�m

2

3`

|) for the various
oscillation parameters.

2.3 Results: leptonic mixing matrix and CP violation

From the global �2 analysis described in the previous section and following the procedure

outlined in Ref. [56] one can derive the 3� ranges on the magnitude of the elements of the

– 6 –

Esteban et al

1611.01514

Elements of the PMNS matrix and 
neutrino mass difference squared  

measured with good precision by a host 
of neutrino oscillation experiments   



• Neutrino masses and mixing can be 
interpreted as evidence for new 
physical scale Λ, which shows up as 
mass parameter suppressing 
dimension-5 operator in SMEFT 
Lagrangian


• With C∼1, new scale is of order  
Λ∼1015 GeV  


• Simplest UV completion of that EFT: 
2 or more singlet neutrinos with large 
Majorana mass terms and Yukawa 
couplings to SM doublets 


• Heavy neutrinos could be anywhere 
between keV and Planck scale. 
However large scale appearing in 
effective Lagrangian suggests their 
mass scale is >> TeV 

PMNS matrix and new physics

ΔℒSM ⊃ − NY′�νHl −
1
2

NMN + h . c .

ℒSMEFT ⊃ −
1
Λ

(Hl)T[Cν](Hl)

Cν ∼ 1 ⇒ mν ∼ 0.06 eV ( 1015 GeV
Λ )

Yν

Λ
= −

1
2

(Y′�νHl)TM−1Y′�νHl

→ −
v2

2Λ
νT[Cν]ν

[VT
P Mdiag

ν VP] =
v2

2Λ
[Cν]



• Normal vs Inverted ordering


• Absolute mass scale of neutrino 


• Measurement of CP-violating 
phase in PMNS matrix

Neutrino remaining challenges
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1 Introduction

Experiments measuring the flavor composition of solar neutrinos, atmospheric neutrinos,

neutrinos produced in nuclear reactors and in accelerators have established that lepton fla-

vor is not conserved in neutrino propagation, but it oscillates with a wavelength depending

on distance and energy, because neutrinos are massive and the mass states are admixtures

of the flavor states [1, 2], see Ref. [3] for an overview.

With the exception of a set of unconfirmed “hints” of possible eV scale mass states

(see Ref. [4] for a recent review), all the oscillation signatures can be explained with the

three flavor neutrinos (⌫
e

, ⌫
µ

, ⌫
⌧

), which can be expressed as quantum superpositions of

three massive states ⌫
i

(i = 1, 2, 3) with masses m
i

. This implies the presence of a leptonic

mixing matrix in the weak charged current interactions [5, 6] which can be parametrized

as:

U =
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where c

ij

⌘ cos ✓
ij

and s

ij

⌘ sin ✓
ij

. The angles ✓
ij

can be taken without loss of generality

to lie in the first quadrant, ✓
ij

2 [0,⇡/2], and the phase �
CP

2 [0, 2⇡]. Here P is a diagonal

– 1 –

     VP

Outstanding questions



DUNE mission and concept

2

✔ New neutrino beam facility at Fermilab 
✔ A highly capable Near Detector at Fermilab to measure the unoscillated neutrino

spectrum and flux constraints
✔ A large LArTPC deep underground at SURF (Lead (SD) 1300 km baseline) to

measure oscillations and non-beam physics
✔ Exposure of ~10 years to ν / ν modes (50% / 50%)

E. Kemp | DUNE: The precision era of neutrino physics 

● What is the origin of the matter-antimatter asymmetry in the universe?
● What are the fundamental underlying symmetries of the universe?
● Is there a Grand Unified Theory of the Universe?
● How do supernovae explode? New physics from a neutrino burst?

Future of neutrino oscillations

ν’s 
oscillations

E. Kemp | DUNE: The precision era of neutrino physics 5
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Lepton-flavor violation

• In the Standard Model,  
individual lepton number for each 
generation is conserved


• Neutrino masses violate lepton 
number, but their effects are tiny 
due to small neutrino masses, 
and do not lead to observable 
effects outside of neutrino 
oscillation


• However, there might be other 
new physics at a lower mass 
scale that gives larger, 
observable effect 

μ− → e−νμν̄e
OK

μ− → e−γ

μ− → e−e−e+
X Br(μ → eγ) < 4 × 10−13

Br(μ → 3e) < 10−12X2

History of CLFV experiments with muons
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History of CLFV experiments with muons

Figure 1 Chronology of upper limits on cLFV processes.

1 Introduction

1.1 Status of the MEG experiment in the framework of
charged Lepton Flavour Violation (cLFV) searches

The experimental upper limits established in searching for
cLFV processes with muons, including the µ+ ! e+� de-
cay, are shown in Fig. 1 versus the year of the result public-
ation. Historically, the negative results of these experiments
led to the formulation of the Standard Model (SM) of ele-
mentary particles interactions, in which lepton flavour con-
servation was empirically included. During the past 35 years
the experimental sensitivity to the µ+ ! e+� decay has im-
proved by almost three orders of magnitude, mainly due to
improvements in detector and beam technologies. In partic-
ular, ‘surface’ muon beams (i.e. beams of muons originat-
ing from stopped ⇡+s decay in the surface layers of the pion
production target) with virtually monochromatic momenta
of ⇠29 MeV/c, o↵er the highest muon stop densities obtain-
able at present in low-mass targets, allowing ultimate res-
olution in positron momentum and emission angle and sup-
pressing the photon background production.

The signal of the two-body µ+ ! e+� decay at rest can
be distinguished from the background by measuring the
photon energy E�, the positron momentum pe+ , their relative
angle⇥e+� and timing te+� with the best possible resolutions.

The background comes either from radiative muon de-
cays (RMD) µ+ ! e+⌫⌫̄� in which the neutrinos carry away
a small amount of energy or from an accidental coincid-
ence of an energetic positron from Michel decay µ+ ! e+⌫⌫̄
with a photon coming from RMD, bremsstrahlung or posi-
tron annihilation-in-flight (AIF) e+e� ! ��. In experiments

using high intensity beams, such as MEG, this latter back-
ground is dominant.

The keys for µ+ ! e+� search experiments achieving
high sensitivities can be summarised as
1. A high intensity continuous surface muon beam to gain

the data statistics with minimising the accidental back-
ground rate (cf. Eq. (2) below).

2. A low-mass positron detector with high rate capability
to deal with the abundant positrons from muon decays.

3. A high-resolution photon detector, especially in the en-
ergy measurement, to suppress the high-energy random
photon background.
The MEG experiment [1] at the Paul Scherrer Insti-

tute (PSI, Switzerland) uses one of the world’s most in-
tense (maximum rate higher than 108 µ+/s continuous sur-
face muon beams, but, for reasons explained in the follow-
ing, the stopping intensity is limited to 3 ⇥ 107 µ+/s . The
muons are stopped in a thin (205 µm) polyethylene target,
placed at the centre of the experimental set-up which in-
cludes a positron spectrometer and a photon detector, as
shown schematically in Fig. 2.

The positron spectrometer consists of a set of drift cham-
bers and scintillating timing counters located inside a super-
conducting solenoid COBRA (COnstant Bending RAdius)
with a gradient magnetic field along the beam axis, ranging
from 1.27 T at the centre to 0.49 T at either end, that guar-
antees a bending radius of positrons weakly dependent on
the polar angle. The gradient field is also designed to re-
move quickly spiralling positrons sweeping them outside the
spectrometer to reduce the track density inside the tracking
volume.

The photon detector, located outside of the solenoid,
is a homogeneous volume (900 l) of liquid xenon (LXe)
viewed by 846 UV-sensitive photomultiplier tubes (PMTs)
submerged in the liquid, that read the scintillating light
from the LXe. The spectrometer measures the positron mo-
mentum vector and timing, while the LXe photon detector
measures the photon energy as well as the position and time
of its interaction in LXe. The photon direction is measured
connecting the interaction vertex in the LXe photon detector
with the positron vertex in the target obtained by extrapolat-
ing the positron track. All the signals are individually digit-
ised by in-house designed waveform digitisers (DRS4) [2].

The number of expected signal events for a given
branching ratio B is related to the rate of stopping muons
Rµ+ , the measurement time T , the solid angle ⌦ subtended
by the photon and positron detectors, the e�ciencies of these
detectors (✏�, ✏e+ ) and the e�ciency of the selection criteria
✏s:1

Nsig = Rµ+ ⇥ T ⇥ ⌦ ⇥ B ⇥ ✏� ⇥ ✏e+ ⇥ ✏s. (1)
1An usual selection criterion is to choose 90% e�cient cuts on each
of the variables (E�, pe+ , ⇥e+�, te+�) around the values expected for the
signal: this criterion defines the selection e�ciency to be ✏s = (0.9)4.



Lepton-flavor violation

ℒSMEFT ⊃
1
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→
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AμνēRγμγνμL + hc .
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Br(μ → eγ) ∼
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μ

Λ4Γμ
∼ 10−12 ( 105 TeV

Λ )
4

Γμ = 3 × 10−10 eV



LFV Process Present Bound Future Sensitivity
µ ! e� 5.7⇥ 10�13 [26] 6 · 10�14 [27]
⌧ ! e� 3.3⇥ 10�8 [30] ⇠ 10�8 � 10�9 [29]
⌧ ! µ� 4.4⇥ 10�8 [30] ⇠ 10�8 � 10�9 [29]
µ ! 3e 1.0⇥ 10�12 [31] ⇠ 10�16 [32]
⌧ ! 3e 2.7⇥ 10�8 [33] ⇠ 10�9 � 10�10 [29]
⌧ ! 3µ 2.1⇥ 10�8 [33] ⇠ 10�9 � 10�10 [29]

µ�, Au ! e�, Au 7.0⇥ 10�13 [34]
µ�, Ti ! e�, Ti 4.3⇥ 10�12 [35] ⇠ 10�18 [36]

Table 1: Current experimental bounds and future sensitivities for some low-energy LFV observ-
ables.

Majorana neutrino masses and be easily introduced in this way, see [7,8,10,25]. Since extensions
in this direction do not have any impact on charged lepton flavour violation, we choose not to
discuss this issue any further.

3 Current experimental situation and future projects

In this section we review the current bounds and prospects of experimental searches for LFV and
vector-like leptons.

3.1 Bounds on lepton flavour violation

The signatures of LFV processes are being searched for in multiple experiments. In table 1 we
collect the present bounds and expected near-future sensitivity to the branching fraction of LFV
lepton decays that may play a role in constraining models with vector-like leptons. Typically, the
most stringent constraints on these models come from the limits on the µ ! e� radiative decay.
Recently, the MEG collaboration published a new limit, Br(µ ! e�) < 5.7 · 10�13, obtained
from an analysis of the 2009-2011 data [26]. Future upgrades may reach the sensitivity of about
6 ·10�14 after 3 years of acquisition time [27]. Limits on LFV radiative ⌧ decays are less stringent,
although they may be relevant in scenarios where LFV is Higgs mediated. The future generation
of B factories, in particular Belle II, will be able to shed new light on ⌧ LFV decays [28,29]. The
3-body decays of charged leptons, ei ! 3ej , and the neutrinoless conversion in muonic atoms, can
also be relevant in certain classes of models. However, these decays are suppressed compared to
the radiative decays in models where the LFV amplitudes are dominated by dipole-type diagrams,
as is the case in the model we study here.

The recent discovery of the Higgs boson opens the possibility of searching for LFV Higgs
decays h ! eiej , with i 6= j. A significant branching fraction for these decays can be compatible
with constraints from other LFV processes [13–15]. Although no o�cial limits on the branching
fractions exist at this moment, a recast of the h ! ⌧⌧ search results allows one to place limits
on Br(h ! ⌧e/µ) at the level of 10% [14]. As we shall see, the branching fractions predicted
in our model are many orders of magnitude smaller, thus these limits currently play no role in
constraining our model.

Finally, it is worthwhile to mention in this context the measurements of anomalous electric
and magnetic dipole moments. Although these observables are lepton-flavour conserving, the
relevant diagrams are typically generated along with the LFV ones. There is the long-standing
⇠ 3.5� discrepancy between the predicted and measured anomalous muon magnetic moment,

4

44.2

Future of lepton-flavor violation

MEG-2

Belle-2

Comet

• Moderate progress expected in coming years for most decay channels, 
coming from upgrade of Belle and MEG experiments


• Huge progress in muon conversion on atoms
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Figure 3 A schematic of the MEG II experiment

inside are replaced by new ones. Positron tracks are meas-
ured by a newly designed single-volume cylindrical drift
chamber (CDCH) able to sustain the required high rate. The
resolution for the e+ momentum vector is improved with
more hits per track by the high density of drift cells (see
Sect. 4). The positron time is measured with improved ac-
curacy by a new pixelated timing counter (pTC) based on
scintillator tiles read out by SiPMs (see Sect. 5). The new
design of the spectrometer increases the signal acceptance
by more than a factor 2 due to the reduction of inactive ma-
terials between CDCH and pTC.

The photon energy, interaction point position and time
are measured by an upgraded LXe photon detector. The
energy and position resolutions are improved with a more
uniform collection of scintillation light achieved by re-
placing the PMTs on the photon entrance face with new
vacuum-ultraviolet (VUV) sensitive 12 ⇥ 12 mm2 SiPMs
(see Sect. 6).

A novel device for an active background suppression
is newly introduced: the Radiative Decay Counter (RDC)
which employs plastic scintillators for timing and scintil-
lating crystals for energy measurement in order to identify
low-momentum e+ associated to high-energy RMD photons
(see Sect. 7).

The trigger and data-acquisition system (TDAQ) is also
upgraded to meet the stringent requirements of an increased

number of read-out channels and to cope with the required
bandwidth by integrating the various functions of analogue
signal processing, biasing for SiPMs, high-speed waveform
digitisation, and trigger capability into one condensed unit
(see Sect. 8).

In rare decay searches the capability of improving the
experimental sensitivity depends on the use of intense beams
and high performance detectors, accurately calibrated and
monitored. This is the only way to ensure that the beam char-
acteristics and the detector performances are reached and
maintained over the experiment lifetime. To that purpose
several complementary approaches have been developed
with some of the methods requiring dedicated beams and/or
auxiliary detectors. Many of them have been introduced and
commissioned in MEG and will be inherited by MEG II with
some modifications to match the upgrade. In addition new
methods are introduced to meet the increased complexity of
the new experiment.

Finally, the sensitivity of MEG II with a running time of
three years is estimated in Sect. 9.

MEG-2 experiment



Belle-2 experiment



µμ to e conversion

In the SM 𝜇𝑁 → 𝑒𝑁 is supressed by 
O 10 because of the mass disparity 
between the W and neutrino.

This is ‘accidental’; new physics scenarios
typically give CLFV much higher than SM.
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𝒒 𝒒

NP 𝝁 –𝒆 conversion
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Borrowed from 

P. Litchfield’s talk


at PASCOS’16

A  giant  leap…

COMET Phase-II
(𝝁𝑵 → 𝒆𝑵 on Al) <10-14

COMET Phase-I
(𝝁𝑵 → 𝒆𝑵 on Al) <10-14

𝐑𝐚𝐭𝐞~
𝟏
𝜦𝟐

𝟐

𝜦
/T

eV

𝜿

For the full COMET experiment  
sensitivity improvement over 
SINDRUM-II is 4 orders of 
magnitude.

MC of background processes 
[especially ‘tails’] may not be good 
enough for optimal design
• Intermediate-scale experiment 

can measure background 
sources and inform design.

• Can still do competitive physics 
with a smaller apparatus

Include in COMET programme:
COMET Phase-I

Lepton-flavor violation
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Explored by colliders Dragons

Lepton flavor violation landscape

Explored by future lepton-flavor violation experiments 

100 PeV
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Table 1. Bounds on some �F = 2 operators, (C/⇤2)O, with O given in the first column.
The bounds on ⇤ assume C = 1, the bounds on C assume ⇤ = 1TeV. (From Ref. [17].)

Operator
Bound on ⇤ [TeV] (C = 1) Bound on C (⇤ = 1TeV)

Observables
Re Im Re Im

(s̄L�µ
dL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK ; ✏K

(s̄R dL)(s̄LdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK ; ✏K

(c̄L�µ
uL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD; |q/p|,�D

(c̄R uL)(c̄LuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD; |q/p|,�D

(b̄L�µ
dL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd

; S KS

(b̄R dL)(b̄LdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd
; S KS

(b̄L�µ
sL)2 1.4⇥ 102 2.5⇥ 102 5.0⇥ 10�5 1.7⇥ 10�5 �mBs ; S �

(b̄R sL)(b̄LsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs ; S �

✏0K is notoriously hard to calculate, involving cancellation between two com-
parable terms, each with sizable uncertainties. (Lattice QCD calculations
of the hadronic matrix elements for ✏0K may be reliably computed in the
future.) At present, we cannot prove nor rule out that a large part of the
observed value of ✏0K is due to BSM. Thus, to test CP violation, one had
to consider other systems; it was realized in the 1980s that many precise
measurements of CP violation are possible in B decays.

In the kaon sector, precise calculations of rare decays involving neutrinos
(see Fig. 4) are possible, and the SM predictions are

B(K+! ⇡+⌫⌫̄) = (7.8±0.8)⇥10�11, B(K0
L ! ⇡0⌫⌫̄) = (2.4±0.4)⇥10�11.

(26)
The K0

L decay is CP violating, and therefore it is under especially good
theoretical control, since it is determined by the top quark loop contri-
butions, and CP conserving charm quark contributions are absent (which
enter K+ ! ⇡+⌫⌫̄ and are subject to some hadronic uncertainties).

Our current knowledge from 7 events at E787/E949 is B(K ! ⇡+⌫⌫̄) =
(17.3+11.5

�10.5) ⇥ 10�11, whereas in the KL mode the bound is many times
the SM rate. NA62 at CERN aims to measure the K+ rate with 10%
uncertainty, and will start to have dozens of events in 2015. The KL mode
will probably be first observed by the KOTO experiment at J-PARC.

Fig. 4. Diagrams contributing to K ! ⇡⌫⌫̄ decay.

Isidori

1302.0661

Flavor number violating transitions are extremely sensitive probes of new physics


E.g.  ΔS=2 kaon mixing processes probe CP-violating new physics up to 10^6 TeV!


Soon Belle-2 B-factory will multiply amount of data by factor of 100, and LHCb will 
make many new analyses. Unfortunately, further progress not straightforward 
because of uncertainties in SM calculations   

Flavor physics 
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Figure 2: Current constraints of neutral meson oscillation measurements on new DF = 2 dimension six
operator contributions, given in terms of the effective operator scale (see text for details). Bounds on the CP
conserving and CP violating contributions are shown in blue and red, respectively.

agreement of SM predictions with current experimental measurements, such procedure typically
results in severe bounds on the underlying new physics (NP) flavour breaking sources in LBSM.

Let us consider the canonical example of NP in DF = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [8]). The leading (d = 6) NP operators are of
the form Q(6)

AB ⇠ zi j[q̄iGAq j]⌦ [q̄iGBq j], where qi denote the SM quark fields, while GA,B denote the
Clifford algebra generators. Assuming zi j to be generic O(1) complex numbers, z⇠ exp(ifNP), the
reach of current constraints in terms the probed NP scales L are shown in Fig. 2. It is important to
stress that most of these constraints are currently limited by theory uncertainties, both related to SM
contributions, as well as concerning the size of NP effects. In particular, many of the observables
are already sensitive to NLO QCD effects in the NP matching procedure (2.2) [9].

The current severe flavour bounds could be interpreted as a requirement on BSM degrees
of freedom to exhibit a large mass gap with respect to the EW scale (if the NP flavour and CP
breaking sources are of order one and not aligned with Yu,d). Conversely, TeV scale NP can only
be reconciled with current experimental results, provided it exhibits sufficient flavor symmetry or
structure, such that |zi j|⌧ 1 (the extreme case being minimal flavour violation (MFV) [10], where
one requires Yu,d to be the only sources of flavour breaking even BSM) . It is however interesting
to note that even flavour trivial NP is not completely safe from flavour constraints. An excellent
example is provided by the measurements of the first row CKM matrix elements Vui, which can be
combined to probe the corresponding CKM unitarity condition [11]

|Vud |2 + |Vus|2 + |Vub|2�1 =�0.0008
�+7
�6

�
. (2.3)

Such constraints are significant in presence of new weak currents coupling to quark bilinears, e.g.
Q(6)

fQ ⇠ zi jQ̄i
LtagµQ j

Lf †ta
 !
D µf , where ta are Pauli matrices and

 !
D µ ⌘

�!
D µ �

 �
D µ . In general,

such operators generate flavour changing neutral currents (FCNCs) as well as modifications of
weak charged currents among quarks. Enforcing flavour triviality, zi j = d i j, efficiently suppresses
FCNCs and the effect of Q(6)

fQ is reduced to a universal contribution to quark weak charged cur-
rents. It can be parametrized as a shift in the effective Fermi constant as measured in semileptonic
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Table 1. Bounds on some �F = 2 operators, (C/⇤2)O, with O given in the first column.
The bounds on ⇤ assume C = 1, the bounds on C assume ⇤ = 1TeV. (From Ref. [17].)

Operator
Bound on ⇤ [TeV] (C = 1) Bound on C (⇤ = 1TeV)

Observables
Re Im Re Im

(s̄L�µ
dL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK ; ✏K

(s̄R dL)(s̄LdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK ; ✏K
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uL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD; |q/p|,�D

(c̄R uL)(c̄LuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD; |q/p|,�D

(b̄L�µ
dL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd

; S KS

(b̄R dL)(b̄LdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd
; S KS

(b̄L�µ
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(b̄R sL)(b̄LsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs ; S �

✏0K is notoriously hard to calculate, involving cancellation between two com-
parable terms, each with sizable uncertainties. (Lattice QCD calculations
of the hadronic matrix elements for ✏0K may be reliably computed in the
future.) At present, we cannot prove nor rule out that a large part of the
observed value of ✏0K is due to BSM. Thus, to test CP violation, one had
to consider other systems; it was realized in the 1980s that many precise
measurements of CP violation are possible in B decays.

In the kaon sector, precise calculations of rare decays involving neutrinos
(see Fig. 4) are possible, and the SM predictions are

B(K+! ⇡+⌫⌫̄) = (7.8±0.8)⇥10�11, B(K0
L ! ⇡0⌫⌫̄) = (2.4±0.4)⇥10�11.

(26)
The K0

L decay is CP violating, and therefore it is under especially good
theoretical control, since it is determined by the top quark loop contri-
butions, and CP conserving charm quark contributions are absent (which
enter K+ ! ⇡+⌫⌫̄ and are subject to some hadronic uncertainties).

Our current knowledge from 7 events at E787/E949 is B(K ! ⇡+⌫⌫̄) =
(17.3+11.5

�10.5) ⇥ 10�11, whereas in the KL mode the bound is many times
the SM rate. NA62 at CERN aims to measure the K+ rate with 10%
uncertainty, and will start to have dozens of events in 2015. The KL mode
will probably be first observed by the KOTO experiment at J-PARC.

Fig. 4. Diagrams contributing to K ! ⇡⌫⌫̄ decay.

Flavor changing neutral currents

• Flavor number violating transitions are 
extremely sensitive probes of new physics


• E.g.  ΔS=2 kaon mixing processes probe CP-
violating new physics up to 10^6 TeV!


• Soon Belle-2 B-factory will multiply amount of 
data by factor of 100, and LHCb will make 
many new analyses. Unfortunately, further 
progress not straightforward because of 
uncertainties in SM calculations   
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• Parity violation in electron scattering on nuclei (P2) or on 
electrons (MOLLER), or in atomic transitions (Ra). Reach 
of order 100 TeV. 


• Electric dipole moments of electron (Cesium atomic traps) 
and neutron (PSI, ILL, …). Reach of order 100 TeV. 


• Muon (g-2 experiment) and electron magnetic moments. 
Reach of order 100 TeV. 


• W boson mass. Reach of order 30 TeV. 


• Neutrino scattering on electrons and nuclei. Reach of 
order 10 TeV


• Trident neutrino production. Reach of order 10 TeV. 

Other precision experiment



Part 5

Hints of new particles?



• Globally, the SM explains very well the available data from 
existing collider and precision experiments


• However, there are a few anomalies here and there


• Most of them are probably statistical fluctuations, or 
underestimated systematic errors, or theoretical errors… 


• Nevertheless, it is possible that at least one of them is a 
harbinger of new physics beyond the Standard Model  

Hints of new particles?



• Magnetic moment of muon (and electron)


• Lepton-flavor-universality violation in certain B-meson decays


• Strong absorption signal of 21cm radiation from the cosmic 
dawn


• Appearance of electron neutrinos in LSND and mini-Boone


• Disappearance of electron neutrinos in short-baseline reactor 
experiments 

Most interesting anomalies



Future of new physics beyond the Standard Model


