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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from !owers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible "eld that 

"lls up all space. Even when our universe seems empty, this "eld is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that "nally con-
"rmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 

THE NOBEL PRIZE IN PHYSICS 2013
POPULAR SCIENCE BACKGROUND
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory con#rmed in 
their lifetime. It took an enormous e$ort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in 1954, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some 3,000 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located 100 metres 
below ground and can observe 40 million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, 27 kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at 99.99999 per cent of the speed of light and collide with an energy of approximately 4 TeV each 
and 8 TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a -ying mosquito, but when the energy is packed into 
a single proton, and you get 500 trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In 2015 the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459

Nobel Prize® and the Nobel Prize® medal design mark 
are registrated trademarks of the Nobel Foundation
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BöŚá�5FŦz9�úéēüSimplest answer

- The Higgs boson.
Spin 0 (scalar)

- Higgs field gives masses to electrons, W/Z....
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It is difficult to make predictions, especially about the future.  — N. Bohr
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Albert A. Michelson, 1899
The more important fundamental laws and facts of 
physical science have all been discovered, and these 
are now so firmly established that the possibility 
of their ever being supplanted in consequence of 
new discoveries is exceedingly remote.

SĳńòLord Kelvin, 1900

¡�·ĕŦ1J (Michelson-Morley)

Maxwell-Boltzmann ��ĩ.kt, ðêy�

�
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SĳńòLord Kelvin, 1900

¡�·ĕŦ1J (Michelson-Morley)ŧ

1905: Einstein w7Ð

Maxwell-Boltzmann ��ĩ.kt, ðêy�ŧ

1900: Planck à�śċrá

1905: Einstein ¡�/tÐ


1913: Bohr š�/ēü

1925-1926: Heisenberg, Schrodinger, … �/YH
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particle spin

quark: u, d,... 1/2

lepton: e... 1/2

photon 1

W,Z 1

gluon 1

Higgs 0

h:  a new kind of 
elementary particle

Gp��Ģ��ŧ
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bĪ�ú 100 GeV.  

ß×Ēņ/ŦĪwĤf>·ĕ/…
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MPlanck = 1019 GeV? 
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úéēüņ/�;®�/Ľì⇒ß×ĒÎ�

!~p =
p

~p2 +m2

Hquant =
X

~p

1

2
~!~p '

Z |p|<⇤ d3~p

(2⇡)3
~!~p

ũ:  a cut-off. 

úéēü�äĲĆ E<!

(~ = 1)
t, W, . . .

mW = g2h, mtop = yth

úéēü�Ŧß×Ēçk��@ņ/�Î�

Hquant ≃ − 3
8π2 y2

t Λ2h2 + 9
64π2 g2

2Λ2h2

⇒ ß×ĒÎ�ŧ mh2(physical) = m02 + c ũ2   



Fine-tuning (?ã)

- v�ŦRV ũ ≫100 GeV \áĦ¬�S
ŗŅÓġ+´
Ė�ıÙ. 


e.g. ũ≈MPl = 1019 GeV, ÉÄ%úéēü��/ĔY�ú
�����ä�

⇒ cancellation as precise as 10-32

- ß×ĒÎ�: mh2(physical) = m02 + c ũ2 

|¾H�ÚŦå¯&1¨ûm02 ½  mh2(physical) 6l÷wœ.
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- ¾H�Ú,���Ţ                                             
mh2(physical) = m02 + c ũ2.   �&1�¸Ţv�Ŧ

Try “known” answer first 
A rope? 

No rope? 
More exotic possibilities

Another fine-tuning problem

cªĊĐŦ�#�Ĩ©7ß×ĒÎ�O(10-32 )?ã���¸Ĵ
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úéēü, 100 GeV.  
mh , mW …

0î°�¸ĴŦúéēü�äĲĆ��

TeV=103  GeV new physics.
Many models, ideas.
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Supersymmetry 

current limit: mT ⇠ 1 TeV

�ü§/7ľU (LHC)

Î/Î/7ľUŦECM=14 TeV
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úéēü, 100 GeV.  
mh , mW …

�
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TeV=103  GeV �£t
Many models, ideas.
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James C. Maxwell
1JUŘēü



Ĩ©1J�ä¤
Michelson-Morley, 1887

…the same laws of electrodynamics and optics will be valid for 
all frames of reference for which the equations of mechanics hold 
good…light is always propagated in empty space with a definite 
velocity c which is independent of the state of motion of the 
emitting body…
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- Future colliders. 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国儈能加䙏器物理战略发展研讨会”提出了

建䙐周䮯为50-70km环形加䙏器的建议： 

– CEPC：质心能䟿为240GeV的儈能正负电子对撞机(Higgs 工厂） 

– SppC：在同一䳗䚃建䙐质心能䟿为50-90 TeV的强子对撞机。 

• 2013年6月12-14日俉山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 䎵级质子对撞机(SppC)是我国儈能物理发展的䟽要䘹亩
和机䙷” 

• 2014年2月28日“第三届中国儈能加䙏器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 䎵级质子对撞机
(SppC)是我国未来儈能物理发展的俆要䘹亩” 

e�e+  Higgs Factory 

pp collider  
Circular.   “Scale up” LEP+LHC

FCC-ee, CEPC

FCC-hh, SPPC
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Current precision: 10(s)% 
A few percent, end of the LHC 

Expected relative uncertainty
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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ment of Z is more than a factor of 10 better. The CEPC can also improve significantly on5

a set of channels which suffers from large background at the LHC, such as b, c, and g.6

Note that this is in comparison with the HL-LHC projection with aggressive assumptions7

about systematics. Such uncertainties are typically under much better control at lepton8

colliders. Within this 7-parameter set, the only coupling which the HL-LHC can give9

a competitive measurement is � , for which the CEPC’s accuracy is limited by statistics.10

This is also the most valuable input that the HL-LHC can give to the Higgs boson coupling11

measurement at the CEPC, which underlines the importance of combining the results of12

these two facilities.13

The direct search for Higgs boson decaying into invisible particles from BSM physics14

is well motivated, in close connection to dark sectors. The CEPC with 5.6 ab�1 can mea-15

sure this to a high accuracy as 95% upper limit 0.30%, as shown in Table 11.4. At the16

same time, the HL-LHC can only manage a much lower accuracy 6–17% [20] and some17

improved analysis may reach 2–3.5% [37].18

As discussed above, one of the greatest advantages of lepton collider Higgs boson19

factory is the capability of determining the Higgs boson coupling model independently.20

The projection of such a determination at the CEPC is shown in Figure 11.9. The ad-1

vantage of the higher integrated luminosity at a circular lepton collider is apparent. The2

CEPC has a clear advantage in the measure of Z . It is also much stronger in µ and3

BRBSM
inv measurements.4
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Figure 14

Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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FIG. 1. Current constraints on the DP’s mass, mX , and kinetic mixing parameter with the SM photon, c. The general colour-
scheme is: cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line
that divides the parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus
of this work are the experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.

ion) signals. In other words, a DP could have been ob-
served, but its signal would have been vetoed.

The upper limit of viable dark photon dark mat-
ter (DPDM), shown by a thick white line, is taken
from various references. Although we run the risk
of being overly-stringent, we adopt the most demo-
cratic approach of taking the lower envelope of all pub-
lished analyses, including: Arias et al. [39], Witte et
al. [119, 120], and Caputo et al. [121, 122], though we
note that there are some substantive disagreements be-
tween these analyses. Three astrophysical limits also
require DPDM: those based on the heating of the in-
tergalactic medium (IGM) [123], the gas in the Leo T
dwarf [124], and the gas cloud at the galactic centre
G357.8-4.7-55 [125], and again, there are also disagree-
ments between these analyses.

The astrophysical bounds at higher masses are those
based on stellar cooling arguments applied to the Sun,
horizontal branch (HB) stars, and red giant (RG) stars in
Ref. [126], and neutron stars in Ref. [127]. Note that for
the straight part of the solar bound below 10 eV we use

the improved limit from the solar global fit performed
in Ref. [128]. These bounds assume a non-dynamical
generation of the DP mass: the Stueckelberg case. How-
ever, if the DP mass originated via a Higgs mechanism,
the stellar bounds would be much stronger—plateauing
at c ⇠ 10�13 for mX . 100 eV, down to arbitrarily
small masses [98, 129].

Another astrophysical bound was set using gamma
rays from the Crab nebula [130]. The final cosmological
bound is on g ! X happening in the early universe to
the degree that it would generate spectral distortions to
the CMB, which are tightly constrained by COBE and
FIRAS [131]. Several groups have derived these con-
straints in the past [121, 122, 132, 133], with broad, but
not perfect, agreement. The one shown in Fig. 1 is from
Ref. [122]. Lastly, we shade in grey the mass window
6.5 ⇥ 10�15 eV < mX < 2.9 ⇥ 10�11 eV. In fact, if a DP
existed in that range, the field would spin-down stel-
lar mass black holes due to superradiance [134–136].
Data for every bound shown in this figure can be down-
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