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The Quest for Mass
---质量之谜
Tao Han (韩涛)
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François Englert and Peter W. Higgs
"for the theoretical discovery of a mechanism that contributes to our 
understanding of the origin of mass of subatomic particles, and which recently 
was confirmed through the discovery of the predicted fundamental particle, by 
the ATLAS and CMS experiments at CERN's Large Hadron Collider"

Is “the Quest for mass” completely resolved ?
质量起源问题完全解决了吗？
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The Mass Generation？ （质量如何产生？）

The Mass Puzzle in the Universe
（宇宙质量未解之谜）

Ask a pedestrian,  ask a physicist student,
or ask a “theoretical physicist” ...

Outline
What Is Mass? （什么是质量？）
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They are likely to think about the weight.

That’s not too far off:

m = Weight / g

What Is Mass?
Ask a pedestrian about it …

路边行人如何回答？

质量与重量的关系
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l Based on Newton’s 2nd Law:
m = F / a

物理意义：惯性
Mass as Inertia: Mass (m) is 
the property of an object that 
measures how hard it is to 
change its motion.

What Is Mass?
Ask a physicist …
物理学家的定义？
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l Based on Equivalence Principle :
(Galileo/Newton/Einstein)
minit a = F = mgravity g

物理意义：等效原理
The inertia mass is equivalent to
the gravitational mass :

minit = mgravity

Or acceleration is equivalent to
gravity.

a = g
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经典力学范畴:
(a) Mass conservation:
“… neither created, nor destroyed.”
(m1+m2+…)initial = (M1+M2+…)final

Some Basic Properties of Mass:

(b) Simple additive:
M = m1 + m2 + … 

“质量不能被产生，也不能消失。”

“质量可以简单相加。”
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Einstein’s Special Relativity （狭义相对论）:
THE most celebrated equation:  

物理学最著名的公式： E = m c2 

m = m0 /(1-v2/c2)1/2

just like
W (joule) = Q (cal) x ( 4.17 )

Mechanical equivalent of heat：热功当量
Mass-energy equivalence：能量质量等效

This is profound:
E (joule) = m (kg) x 8.99 x 1016 (m/s)2

静止质量更基本： m0 ＝ m（v＝0）
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Einstein’s General Relativity （广义相对论）:
This becomes even trickier !

Given the constituents of the Universe by Lagrangian L,

能量－动量张量:
Tμν = ( 2 δ/δημν – ημν ) Lmatter

The Einstein field equation （爱因斯坦方程）:
Gμν(space-time)  = Tμν(E, p, m) - Λ gμν

� Energy-momentum, mass are the sources.
� Energy-momentum is conserved.
� May have additional contribution: Λ （宇宙常数）
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In short : 
Rest mass of “elementary particles”,
that are the building blocks of the world.
基本粒子的静止质量具有基本意义！

Energy is rigorously conserved (能量守恒)
(a) Mass conservation ? Only approximate if 

m c2 >> EK ≈ ½ m v2 (低速运动, 用动能)

(b) Simple additive ? Only approximate if 
m c2 >> Epotential            (弱关联，弱作用)
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Ancient Chinese: 金，木，水，火， 土
Ancient Greeks:  Four elements; Atoms

E. Rutherford (1909):  Atom =  Nucleus + Electrons 

All around us: Molecules à Elements à Atoms 

We are in the atomic quantum world, mostly  
Mass = M(nucleus) + small electrons

Because nucleus non-relativistic, Coulomb force weak.

The Origin of Mass －质量起源
The world is made of …
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Nucleus à bunch of nucleons:  p+ + n0

M(nucleus) = M(p’s, n’s) - 1% binding energy
(binding energy：结合能
or mass deficit：质量亏损.)

Numerically,
M(p) ≈ M(n) ≈ 1 GeV =109 eV.
Binding energy ≈ O( few MeV / N )

Nuclear transition to lower-mass to release E ;
You provide the mass deficit to release p’s, n’s .

The Origin of Mass
In nuclear physics:
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M. Gell-Mann (1963): 夸克
Nucleons (p, n) ≈ 3 quarks: 
“up” quark (Q=+2/3), 
“down” quark (-1/3)

M(p=uud) ≈ M(n=udd) 
≈ M(3 quarks) - “binding energy”

???                   ???  
deep into relativistic quantum world：

相对论的量子世界…

The Origin of Mass
Nucleon Structure： 核子结构
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Full chart of matter:
6 quarks (u,d…) 夸克; 6 leptons (e-, μ …) 轻子

Matter Interactions 
via force mediators:
g,    W, Z,     γ 

The “Standard Model”:
标准模型

Observationally successful !
But, many free parameters.

Elementary Particles： 基本粒子



long range
~(GN m1m2)/r2

à GR 

long range
~(α e1e2)/r2

àE&M

The Nature of 4 Forces:

short range ~ e-mr/r2

Why are they so different? The mass!
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Plus a scalar sector, for the
EW symmetry breaking (masses).
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Electroweak Unification:  
电-弱统一模型

l Glashow, Salam, Weinberg realized that 
the field responsible for the electromagnetic force 
(the massless photon)

l And the fields responsible for the Weak force (the 
then undiscovered massive W+ and W- ) 

l Along with a then undiscovered massive neutral 
boson (Z)  ⇒ a single theory 
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Rubbia and
van de Meer
(1984)

W±/Z Discovery in 1982:
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(Fermi Lab)

Why the photon is so 
different from W±/Z ?

Mt=173 GeV

Why the top quark is as 
heavy as a gold atom, 

while neutrinos are nearly 
massless ?

Mγ  = 0 !
MW ≈ 80 GeV
MZ ≈ 90 GeV

mν < 1 eV

The Quest for Mass persists:
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(Peter Higgs, …)

The theory is symmetric, but the background 
environment （vacuum－真空） is NOT.

（真空就是能量最低的状态。）

Y. Nambu, 2008

You are here

v ≈ 250 GeV

自发破缺对称性

Nambu Higgs
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A familiar example:

我们就是生活在（EW）超导的环境里！
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Masses determined by interactions with vacuum:
（质量来源于粒子同真空环境的相互作用）
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Masses determined by interactions with vacuum:
It’s like in a medium … 

Or in a “social medium”



Strike the vacuum hard for a signal !

The vacuum background is NOT empty: Particles 
can be excited, including the Higgs!

How to Study the Vacuum Property ?
如何研究真空性质？

23
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Large Hadron Collider： LHC
（大型强子对撞机）

At CERN, Geneva:
proton-proton collider:

27 km circumference;
1746 magnetic dipoles at 1.9 K
Only 7 mph slower than c
Stored Energy of Beams as an

aircraft carrier at 30 km/h !

Now operating at 13,000 GeV
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• Two detectors: 

3000 people each!

• ATLAS has 8 times 
the volume of CMS

• CMS is 12,000 tons 
(2 x’s ATLAS)

25

Requires Detectors of Unprecedented 
Scale （大型探测器）

ATLAS (IHEP, Tsinghua, …)

CMS (IHEP, PKU, …)



It is not a needle 
in a haystack ---

It is much worse than 
a needle in a haystack!
--- Joe Lykken, FNAL

The discovery of the Higgs boson is monumental: 
most exciting discovery for decades!

It is a true triumph in HE physics, and in science!

The experiments are extremely difficult !
寻找Higgs是大海捞针！

9/26/17T. Han
26
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“Mass hierarchy” remains a great puzzle !

• Particle mass 
hierarchy

Question 4: The “Flavor Puzzle”

Higgs Yukawa 
couplings as the 
pivot!

• Patterns of quark, 
neutrino mixings

• New CP-violation 
sources?
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Nucleons (p, n), mesons (π,ρ,K)
Called “hadrons”

ß (valence) quarks: “up, down, …”

M(hadrons)  >>  M(a few  quarks) !
100-1000 MeV      a few MeV     

“Simple additive” totally wrong !
Because kinetic/potential energy dominant.

The Dynamical Origin of Mass
核子质量的动力学起源
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Interaction strength changes fast with energy/distance scale:

D. Gross,
F. Wilczek,
D. Politzer

(2004)

Quantum-Chromodynamics (QCD)
Remarkable feature:
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Photons
vs. 

gluons

QED: V ( r ) = - αem/r

QCD: V ( r ) = - αs/r + k r

30

QED （电动力学） versus QCD （色动力学）
Electromagnetism vs. Strong force

Majority of the (luminous) mass 
around us （你和我） is of 
dynamical origin, from strong 
interactions (u, d quarks + gluons).
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-

The Mass Puzzle in the Universe
宇宙质量之谜！

暗能量
暗物质

物质－反物质的不对称性
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What is the “Dark Energy” ?
Could it be just Λ ?

Gμν(space-time)  = Tμν(E, p, m) - Λ gμν

“… greatest blunder of my life!”  

Could it be dynamical (time-dependent) ?
对理论的挑战！最大的未解之谜！

Any vacuum energy counts, 
but why is it so small ? (10-3 eV)4

Below MPl by 120 orders, ΛQCD by 40 orders 
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Evidence For Dark Matter
§ Galactic rotation curves

§ Gravitational lensing

§ Light element abundances

§ Cosmic microwave 

background anisotropies

§Large scale structure
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Dark Matter in the SM?

• Not baryonic (p,n)

标准模型中没有“暗物质”的选择？！

Unambiguous evidence for new particles!

• Not hot, relativistic
• Not short-lived

• Gravitationally 
interacting
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Beyond SM: Many theories lead to     

-

WIMP: Weak Interacting Massive Particle 

WIMP

Thermal equilibrium
χχ ⇔ ff

Universe cools: 
n=nEQ∼e-m/T

Freeze out, n/s ∼ const

WIMP

WIMP
• mWIMP∼ mweak
• σan ∼ αweak2 mweak

-2

暗物质的残余量与电弱理论
的估计惊人的符合！

naturally around the 
observed value



Hard to find something dark!

nDirect Detection

nIndirect Detection 

nCollider Searches

“在一间漆黑的屋子里很难找到那只黑猫,

9/26/17

特别是，它也可能没在屋里.”
“在一间漆黑的屋子里很难找到那只黑猫,

PandaX, Cdex

DAEMPE

LHC
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The Mass，you and me：强相互作用能
Mass for “all of us”: Strong interaction in QCD
The Mass for elementary particles ... 

Spontaneous symmetry breaking, 
and the Higgs mechanism：
源于希格斯机制

Summary：总结
What Is Mass？

Dark Matter, dark energy:
暗物质，暗能量… 仍然是深奥的迷！

Please join to seek for the answers!
答案还要靠你们新一代的探索！
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Highest energy, probing 
smallest scale at 
10-17 cm   (10-10 nm ) !

Largest scientific project ever !
迄今为止最大的科学装置！

l Only 7 mph slower than the speed of light
l Stored Energy of Beams unprecedented :

Ebeam=1.5 Giga Joule  (N m)
à same kinetic energy as aircraft carrier at             
15 knots ≈ 30 km/h !
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From quark constituents to hadrons:
(From PDG, based on lattice QCD)

Majority of the (luminous) mass around us is of dynamical origin,
from strong interactions (u, d quarks + gluons).

It is not very meaningful to think about quark rest mass .

Mass due to QCD:
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FCC (future circular collider): CERN

S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV

S. Su 11
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100 TeV
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HE-LHC 
27 km, 20T
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 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
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S. Su 13

Qinhuangdao (〜ⲽዑε

50 km 

70 km 

easy access
300 km from Beijing
3 h by car
1 h by train 

Yifang Wang

CepC, SppC

“Chinese Toscana”

e+e-: 240 GeV
pp: 70-100 TeV

CEPC (circular e-e+)/SppC: China

Home Program Visitors Visiting CFHEP Contact Job TPD of IHEP

Particle physics is at an exciting juncture. With the discovery of the Higgs boson, the Standard Model is "complete",
but fundamental questions remain unanswered, from an understanding of the origin of the electroweak scale to the
composition of the dark matter of the universe.

An extended high energy experimental program beyond the planned running of the LHC will be crucial to fully
address these questions. The Center for Future High Energy Physics is dedicated to carrying out detailed studies on
both the physics case and the design of possible future colliders. The immediate focus will be on circular colliders:
an electron-positron collider as Z and Higgs factory, and a high-energy proton-proton collider.

The near term goal of the center is to present a conceptual design report. To facilitate this study, the center will host
an active visitor program , as well as occasional workshops on topics essential to the center's mission. The center
will also offer regular lecture series and run schools to prepare students and junior researchers. See the link an
updated list of recent and planned activities.

If you have any questions, please contact us.

The Center for Future High
Energy Physics (CFHEP) was
inaugurated in Beijing on
December 17, 2013. The
director of CFHEP, Prof. Nima
Arkani-Hamed and the head of
IHEP, Prof. Wang Yifang
unveiled the foudation of the
center.

Director: Nima Arkani-Hamed (IAS, USA)
Deputy Director: Cai-Dian Lu (IHEP, China)

Academic Committee:
Sally Dawson (BNL, USA), Tao Han (U. Pittsburgh/Tsinghua U.), Hongjian He (Tsinghua U.), Michelangelo
Mangano (CERN), Shufang Su (U. Arizona), Lian-Tao Wang (U. Chicago), Xin-Nian Wang (LBNL/CCNU),
Zhizhong Xing (IHEP), Jin Min Yang (ITP), Xinmin Zhang (IHEP), Shouhua Zhu (Peking U.)

Advisory Board:
Chao-Hsi Chang (ITP), Kuang-Ta Chao (Peking U.), Hesheng Chen (IHEP), Savas Dimopoulos (Stanford U.), Sally
Dawson (BNL), John Ellis (CERN), Sheldon Glashow (Boston U.), David Gross (UC, Santa Barbara), Xiangdong Ji
(SJTU), Yu-Ping Kuang (Tsinghua U.), Luciano Maiani (Rome U.), Michelangelo Mangano (CERN), Yifang Wang
(IHEP), Steven Weinberg (U. Texas, Austin), Edward Witten (IAS), Yue-Liang Wu (ITP/UCAS), S.T. Yau (Harvard
U.)

Administration secretary:
CHEN Li chenli@ihep.ac.cn , 88236147, Room203
DANG Lei dangl@ihep.ac.cn , 88200974, Room303

Current/Upcoming workshop

MC4CEPC----May 5-6, 2015; Rm319
CFHEP, IHEP, CAS

Previous workshop

Working Groups 

Weekly Calendar

Download

News
CEPC初步概念���告国	���
完成
下一代�形正��子�撞机�目引
�
[科技日�]“中国建大加速器，将激励一代人”
[新�网]中国科学家提出建�下一代�形正�
�子�撞机探索"上帝粒子"奥秘
[科技日�]大加速器：上帝粒子��后的“中国
梦”
[中新网]中国科学家��建造下一代�形正�
�子�撞机
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Electroweak phase transition,
Particle mass generation

Today’s puzzles

ìNew physics associated 
with Higgs & beyond ?
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The Mass Puzzle in the Universe


