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The	Big	Picture	

Role	of	flavor	physics	in	the	Big	Picture

Flavor	Physics	past	and	present

Opportunities	for	achieving	“transformational	or	
paradigm-altering”	scientific	advances:	great	
discoveries.	
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To understand the fundamental nature of energy, matter, 
space, and time, and to apply that knowledge 
to understand the birth, evolution and fate of the universe 
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Quarks and the Cosmos
The Opportunities for Discovery      
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To understand the fundamental nature of energy, matter, 
space, and time, and to apply that knowledge 
to understand the birth, evolution and fate of the universe 
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Quarks and the Cosmos
The Opportunities for Discovery      
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Our scope is broad and we use many tools: accelerator, 
non-accelerator & cosmological observations all 
have a critical role to playM.#Demarteau*,#K.#Yurkewicz*#

With#thanks#to##
L.#Cha;erjee,#M.#Cooke##

December#17,#2013##
P5#MeeEng#

Brookhaven#NaEonal#Laboratory##
*"="co&chair"
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A work a century in the making  

From the discovery of the electron  in 1896, the nucleus  in 1911 to

HCPSS2016	-- I.	Shipsey

the neutron in 1932 

8/4/13 10:13 PMDiscovery of the Neutron

Page 2 of 3http://hyperphysics.phy-astr.gsu.edu/hbase/particles/neutrondis.html

The 5.3 MeV energy of the ejected protons could be easily explained if the
neutral particle had a mass comparable to that of the proton. For headon
collisions, this would require only 5.3 MeV from the neutral particle, a value in
the range of observed nuclear particle emissions.

Chadwick was able to prove that the
neutral particle could not be a photon
by bombarding targets other than
hydrogen, including nitrogen, oxygen,
helium and argon. Not only were
these inconsistent with photon
emission on energy grounds, the
cross-section for the interactions was
orders of magnitude greater than that
for Compton scattering by photons.

The task which remained for Chadwick was that of determining the mass of the
neutral particle. He chose to bombard boron with alpha particles and analyze
the interaction of the neutral particles with nitrogen. These particlular targets
were chosen partly because the masses of boron and nitrogen were well known.
Conservation of energy applied to the combined interactions gives the
following expressions:

Solving for the mass energy of the neutron gives

The remaining unknown on the right hand side of the equation is the speed of
the neutron. Assuming that the neutron mass was close to that of the proton,
Chadwick bombarded hydrogen atoms with his produced neutrons to learn the
speed of the protons after the collisions. Then setting the neutron speed equal to
those proton speeds, he used the above energy expression to get a neutron mass
of 938 +/- 1.8 MeV. With a consistent set of experiments, Chadwick had
obtained the first value for the neutron mass which compared well with the
presently accepted value of 939.57 MeV.

The search for the basic structure of matter.

Krane,
Intro

Nuclear
Physics
Ch. 12

 
HyperPhysics***** Quantum Physics R Nave Go Back

the particles that compose an atom
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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4

The Higgs enables
atoms to exist

Murayama
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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING
Our community has revolutionized human understanding of the Universe 
– its underlying code, structure and evolution 

Through careful measurement, observation and deduction 
we have developed remarkably successful prevailing theories the Standard
Models of particle physics and cosmology that are highly predictive and have 
been rigorously tested in some cases to 1 part in 10 billion

These are among the highest intellectual achievements in the history of
our species, they will be part of our legacy to future generations for eternity

The potential now exists to revolutionize our knowledge again.

HCPSS2016	-- I.	Shipsey 8



BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING

Through careful measurement, 
observation and deduction 
we have developed remarkably 
successful prevailing theories the 
Standard Models of particle physics 
and cosmology that are highly predictive 
and have been rigorously tested in some 
cases to 1 part in 10 billion
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2013:"the"thiumph"of"the""STANDARD*
•  PARTICLE*STANDARD***
***************MODEL"
"
"

•  COSMOLOGY*STANDARD*
******************MODEL*

ΛCDM*+"“SIMPLE”*INFLATION**
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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING

…..that are highly predictive and have 
been rigorously tested in some cases to 
1 part in 10 billion
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That Spin 0 Boson
Changes Everything

a Universal 
phase 
transition?

@ picosecond 
after the BB

hot universe vacuum
empty

cold universe vacuum
full of the Higgs Field

E (entire universe)

higgs 
field

H

Mystery:	The	Higgs	

a Universal 
phase 
transition?

@ picosecond 
after the BB

hot universe vacuum
empty

cold universe vacuum
full of the Higgs Field

E (entire universe)

higgs 
field

H
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Mystery:
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Mystery:	Dark	Matter	

4/5
14



Mystery:
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The evidence:
Galactic rotation curves, 
hot gas in clusters, 
the Bullet Cluster, 
Big Bang Nucleosynthesis,
strong gravitational lensing, 
weak gravitational lensing, 
SN1a 
Cosmic Microwave Background

Mystery:	Dark	Matter	

15



Mystery:	Dark	Energy	

• The	accelerating	expansion	of	the	
universe	(2011	Nobel)

• What	is	dark	energy?	
We	don’t	know…

HCPSS2016	-- I.	Shipsey

The evidence
SN1a  
BAO in the galaxy distribution
Cosmic Microwave Background 
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Mystery:	Dark	Energy	

• The	accelerating	expansion	of	the	
universe	(2011	Nobel)

• What	is	dark	energy?	
We	don’t	know… What	we	know:	just	the	

tip	of	the	iceberg.
HCPSS2016	-- I.	Shipsey 17



Mystery:	how	did	matter	survive	the	
birth	of	the	universe?		

• The	accelerating	expansion	of	the	
universe	(2011	Nobel)

• What	is	dark	energy?	
We	don’t	know…

What	we	know:	just	the	
tip	of	the	iceberg.

beginning of the Universe

1,000,000,001 1,000,000,001

matter anti-matter

1,000,000,000

Matter anti-Matter

The	baryon		asymmetry	of	the	Universe		
HCPSS2016	-- I.	Shipsey 18
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Mystery:	What	powered	cosmic	inflation?

19
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Mystery:	Why	are	there	so	many	types	of		particles?		

Why	do	the	particles
have	such	a	large
range	of	masses?

Why	does	the	pattern
of	particles	repeat	

three	times?	

Why	do	neutrinos	have
mass	at	all	(in	the	
Standard	Model

they	are	massless)?

20



EWSB
q Does	the	Higgs	boson	exist?

Neutrinos:
q νmasses	and	and	their	origin
q what	is	the	role	of	H(125)	?		
q Majorana or	Dirac	?
q CP violation	
q additional	species	à sterile	ν ?

Dark	matter:
q composition:	WIMP,	sterile	neutrinos,	

axions,	other	hidden	sector	particles,	..
q one	type	or	more	?	
q only	gravitational	or	other	interactions	?

The	two	epochs	of	Universe’s	accelerated	expansion:
q primordial:	is	inflation	correct	?	

which (scalar)	fields?	role	of	quantum	gravity?		
q today:	dark	energy	(why	is	Λ so	small?)	or

gravity	modification	?

Quarks	and	leptons:
q why	3	families	?
q masses	and	mixing
q CP	violation	in	the	lepton	sector
q matter	and	antimatter	asymmetry
q baryon	and	charged	lepton	

number	violation	

Physics	at	the	highest	E-scales:
q how	is	gravity	connected	with	the	other	forces	?
q do	forces	unify	at	high	energy	?

Outstanding		Questions	in	Particle	Physics	circa	2011

HCPSS2016	-- I.	Shipsey 21



Higgs	boson	and	EWSB
q mH natural	or	fine-tuned	?
à if	natural:	what	new	physics/symmetry?
q does	it	regularize	the	divergent	VLVL cross-section

at	high	M(VLVL)	?	Or	is	there	a	new	dynamics	?
q elementary	or	composite	Higgs	?
q is	it	alone	or	are	there	other	Higgs	bosons	?
q origin	of	couplings	to	fermions		
q coupling	to	dark	matter	?	
q does	it	violate	CP	?
q cosmological	EW	phase	transition	

Neutrinos:
q νmasses	and	and	their	origin
q what	is	the	role	of	H(125)	?		
q Majorana or	Dirac	?
q CP violation	
q additional	species	à sterile	ν ?

Dark	matter:
q composition:	WIMP,	sterile	neutrinos,	

axions,	other	hidden	sector	particles,	..
q one	type	or	more	?	
q only	gravitational	or	other	interactions	?

The	two	epochs	of	Universe’s	accelerated	expansion:
q primordial:	is	inflation	correct	?	

which (scalar)	fields?	role	of	quantum	gravity?		
q today:	dark	energy	(why	is	Λ so	small?)	or

gravity	modification	?

Quarks	and	leptons:
q why	3	families	?
q masses	and	mixing
q CP	violation	in	the	lepton	sector
q matter	and	antimatter	asymmetry
q baryon	and	charged	lepton	

number	violation	

Physics	at	the	highest	E-scales:
q how	is	gravity	connected	with	the	other	forces	?
q do	forces	unify	at	high	energy	?

Outstanding		Questions	in	Particle	Physics	circa	2016
…	there	has	never	been	a	better	time	to	be	a	particle	physicist!

HCPSS2016	-- I.	Shipsey 22



HCPSS2016	-- I.	Shipsey

between 1967 - 2012
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guided research

Higgs

The	Standard		Model		Guided	Research	

24
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No-lose completion of the standard model

❖ In our quest to complete the standard model we 
have been aided by no-lose theorems.

❖ Motivation for the W                                                                  

❖ Motivation for the top quark

see, 1510.05159

No-lose	completion	of	the	Standard	Model

Guaranteed	
discoveries

25
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Completion of the SM —Higgs boson
❖ Shortcomings of theory of WW scattering

❖  before the critical energy Ec, new physics 
must enter, 

❖ either a new particle which keeps the 
theory perturbative

❖ or, new physics to describe the non-
perturbative regime.

Now that the standard model is complete, there are no further no-lose theorems.
In principle, the standard model could be valid to the Planck scale 

No-lose	completion	of	the	Standard	Model

Completion of the SM —Higgs boson
❖ Shortcomings of theory of WW scattering

❖  before the critical energy Ec, new physics 
must enter, 

❖ either a new particle which keeps the 
theory perturbative

❖ or, new physics to describe the non-
perturbative regime.

Now that the standard model is complete, there are no further no-lose theorems.
In principle, the standard model could be valid to the Planck scale 

No	guaranteed	
discoveries

Guaranteed	
discoveries

26



Perception is a dynamic combination of top-down 
(theory) and bottom-up (data driven) processing

• The need for detail (quality and quantity of the 
data) depends on the distinctiveness of the 
object and the level of familiarity

Visual examples…

Perception & understanding
with a roadmap

When we know the characteristics and context
of what to expect (W,t,H ) a little data goes a
long way (top-down dominates)

HCPSS2016	-- I.	Shipsey 27



HCPSS2016	-- I.	Shipsey 28



HCPSS2016	-- I.	Shipsey 29



HCPSS2016	-- I.	Shipsey 30



HCPSS2016	-- I.	Shipsey 31



HCPSS2016	-- I.	Shipsey 32



HCPSS2016	-- I.	Shipsey 33



HCPSS2016	-- I.	Shipsey 34



HCPSS2016	-- I.	Shipsey 35



HCPSS2016	-- I.	Shipsey 36



HCPSS2016	-- I.	Shipsey 37



HCPSS2016	-- I.	Shipsey 38



With a roadmap  (theory)

New physics need lots 
of data
(bottom up dominates)

Perception & understanding

(W,t,H ) a little 
data goes a long way 
(top-down dominates)

w/o a roadmap (data driven)

HCPSS2016	-- I.	Shipsey 39
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We	are	in	a	data	driven	era

40
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“Measure	what	is	measureable	and	
make	measureable	what	is	not	so.”

Galileo	Galiliei
1564-1642

#1		Context

41



These	questions	are	compelling,	difficult	and	intertwined	à require multiple	approaches	
high-E	colliders,	neutrino	experiments	(solar,	short/long	baseline,	reactors
0νββ	decays),	cosmic	surveys	(CMB,	optical/IR	spectroscopic	and	photometric	),	dark	matter	
direct,	indirect	and	astrophysical	detection,	precision	measurements	of	rare	decays	and	
phenomena,	dedicated	searches		(WIMPS,	axions,	dark-sector	particles),	…	

High-E     High-precision   Neutrino       Dedicated   Cosmic 
colliders     experiments     experiments   searches    surveys

Higgs , EWSB        x         
Neutrinos                                                           x                   x              x
Dark Matter          x                                                                 x              x
Flavour,                 x                     x                     x                   x
CP-violation                                    
New particles        x                     x                     x                   x
and forces 
Universe    x
acceleration  

Main questions and main approaches to address them

These	complementary	approaches	are	ALL	needed:	their	combination	is	crucial	to	explore
the	largest	range	of	E	scales,	properly	interpret	signs	of	new	physics,	and	build	a	
coherent	picture	of	the	underlying	theory.	HCPSS2016	-- I.	Shipsey 42



Standard	Model is
an	effective	theory

Draw	free-body	diagrams	and	
make	a	SM	of	walking

43



Draw	free-body	diagrams	and	
make	a	SM	of	walking

But it’s not the actual 
physiology of walking!

HCPSS2016	-- I.	Shipsey 44



Credit:Mario Livio
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The mass of the Higgs, the amount of dark energy  and the values of other 
observables could  be vacuum selection effects (our universe interpreted
in terms of the multiverse) but it is premature to think so 45
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Discoveries in Particle Physics  

Lepton'Photon*2015,*Ljubljana,*August*17*'*22,*2015***''*M.*Demarteau*
Slide**3*

Facility((
Original(purpose,((
Expert(Opinion(

Discovery(with((
Precision(Instrument(

P.S.(CERN((1960)(

AGS(BNL((1960)((

FNAL(Batavia((1970)(

SLAC(Spear((1970)(

ISR(CERN((1980)(

PETRA(DESY((1980)(

Super(Kamiokande((2000)(

Telescopes((2000)(

π(N(interacSons(

π(N(interacSons(

Neutrino(Physics(

ep,(QED(

pp(

top(quark((

Proton(Decay(

SN(Cosmology((

Neutral(Currents(V>(Z,W(

Two(kinds(of(neutrinos((
Time(reversal(nonVsymmetry(

charm(quark((

bo\om(quark(
top(quark(

Partons,(charm(quark(
tau(lepton(

Increasing(pp(cross(secSon(

Gluon(

Neutrino(oscillaSons(
Curvature(of(the(universe(

Dark(energy(

Precision(instruments(are(key(to(discovery(when(exploring(new(territory.((
Adapted!from!S.!Ting!

precision instruments are key to discovery 
when exploring new territory  

Discoveries in particle physics  
Based	on	an	original	
slide	from	Sam	Ting

Based	on	an	original	
slide	by	S.C.C. Ting
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82 Neutrinos

Figure 4-9. Cutaway view of the MicroBooNE detector.

for a spectral distortion in the reactor neutrino energy spectrum. In addition, neutrino radioactive source
experiments could be mounted in either the Borexino, Daya Bay, KamLAND, or SNO+ detectors [186, 187].
The advantage of radioactive source experiments is that due to the low neutrino energies, oscillations could
be observed in a single detector or in several closely separated detectors. There are also possibilities for
performing sterile neutrino measurements in neutral current coherent neutrino-nucleon scattering using
cryogenic solid state bolometers [170]. A final opportunity for measuring short-baseline oscillations is
to search for atmospheric muon antineutrino disappearance with the IceCube experiment at the South
Pole [188]. With a typical atmospheric neutrino energy of a few TeV and a typical distance of a few thousand
kilometer, IceCube is very sensitive to oscillations at the roughly 1 eV mass scale, especially because these
oscillations would be matter-enhanced via the MSW mechanism.

Finally, we emphasize that satisfactorily resolving these short-baseline anomalies is very important for
carrying out the neutrino oscillation program described earlier. The two to three sigma e�ects reported,
even if unrelated to sterile neutrinos, are at the sub-percent to the several-percent level, similar to, for
example, the |Ue3| and CP -violating signals being pursued in long-baseline experiments.

Other than new light neutrino degrees of freedom – sterile neutrinos – neutrino experiments are sensitive
to several other manifestations of new physics. For example, many proposals for new physics beyond the
Standard Model predict novel, weakly interacting, light scalar or vector particles. Classical examples of
such particles include Majorons, axions, Kaluza-Klein modes in the Randall-Sundrum scenarios with extra
dimensions, and many others. As discussed over the years, novel light particles could be responsible, among
other things, for solving the strong CP problem in QCD, giving neutrinos their mass, or even explaining
the origin of dark energy. These new particles can be produced by proton bremsstrahlung and detected,
assuming they are long-lived, by particle decays or scatters in the center of neutrino detectors, if the proton
beam is on-axis.

Neutrino experiments in general, and neutrino oscillation experiments in particular, are also very sensitive
to new, heavy degrees of freedom that mediate new “weaker-than-weak” neutral current interactions. These

Fundamental Physics at the Intensity Frontier

Fundamental Physics At  

THE INTENSITY FRONTIER

2012 Report

DO
E

 Mu2e 
Scientists plan to use Fermilab’s high-intensity particle beams to search 
for rare subatomic processes, such as the conversion of a muon into its 
lighter cousin the electron, a process predicted by theory but never yet 
observed. The proposed Mu2e experiment, which has received first-stage 
approval, could find indirect evidence for new particles and forces far beyond 
the reach of the LHC. 

Above: The Mu2e particle detector is embedded 
in a series of magnets that create a low-energy 
beam of muons and steer it into an aluminum 
target. Scientists plan to break ground at 
Fermilab in Batavia, Illinois, in 2013 and begin 
taking data four years later.

Right: Mu2e is trying to catch a glimpse of an 
incredibly rare phenomenon: a muon—the 
electron’s fatter cousin—turning into its more 
slender and well-known relative, the electron.

From left: Jim Miller, Ron Ray and Robert 
Bernstein think the Mu2e experiment may answer 
one of the fundamental riddles of particle physics.

Muons

Muons (very slow)

Look for 105 MeV electrons

Aluminum atoms 
capture muons

Magnet captures  
slow muons and  
directs them to  
aluminum target

Particle detectors

Muons decay

Stopping target

Protons from  
Fermilab  
accelerator

The proton beam creates 
pions, which decay into  
muons and other particles

23

The	Intensity/Precision	Frontier	

The	Intensity/Precision		Frontier	is	a	broad	and	diverse,	yet	connected,
set	of	science	opportunities

Heavy	Quarks Charged		
Leptons

New	Light,	Weakly	
Coupled	Particles

Neutrinos

Nucleons	&	Atoms Baryon	Number	Violation

HCPSS2016	-- I.	Shipsey 47
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Figure 4-9. Cutaway view of the MicroBooNE detector.

for a spectral distortion in the reactor neutrino energy spectrum. In addition, neutrino radioactive source
experiments could be mounted in either the Borexino, Daya Bay, KamLAND, or SNO+ detectors [186, 187].
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carrying out the neutrino oscillation program described earlier. The two to three sigma e�ects reported,
even if unrelated to sterile neutrinos, are at the sub-percent to the several-percent level, similar to, for
example, the |Ue3| and CP -violating signals being pursued in long-baseline experiments.
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to several other manifestations of new physics. For example, many proposals for new physics beyond the
Standard Model predict novel, weakly interacting, light scalar or vector particles. Classical examples of
such particles include Majorons, axions, Kaluza-Klein modes in the Randall-Sundrum scenarios with extra
dimensions, and many others. As discussed over the years, novel light particles could be responsible, among
other things, for solving the strong CP problem in QCD, giving neutrinos their mass, or even explaining
the origin of dark energy. These new particles can be produced by proton bremsstrahlung and detected,
assuming they are long-lived, by particle decays or scatters in the center of neutrino detectors, if the proton
beam is on-axis.

Neutrino experiments in general, and neutrino oscillation experiments in particular, are also very sensitive
to new, heavy degrees of freedom that mediate new “weaker-than-weak” neutral current interactions. These
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Scientists plan to use Fermilab’s high-intensity particle beams to search 
for rare subatomic processes, such as the conversion of a muon into its 
lighter cousin the electron, a process predicted by theory but never yet 
observed. The proposed Mu2e experiment, which has received first-stage 
approval, could find indirect evidence for new particles and forces far beyond 
the reach of the LHC. 

Above: The Mu2e particle detector is embedded 
in a series of magnets that create a low-energy 
beam of muons and steer it into an aluminum 
target. Scientists plan to break ground at 
Fermilab in Batavia, Illinois, in 2013 and begin 
taking data four years later.

Right: Mu2e is trying to catch a glimpse of an 
incredibly rare phenomenon: a muon—the 
electron’s fatter cousin—turning into its more 
slender and well-known relative, the electron.

From left: Jim Miller, Ron Ray and Robert 
Bernstein think the Mu2e experiment may answer 
one of the fundamental riddles of particle physics.

Muons

Muons (very slow)

Look for 105 MeV electrons

Aluminum atoms 
capture muons

Magnet captures  
slow muons and  
directs them to  
aluminum target

Particle detectors

Muons decay

Stopping target

Protons from  
Fermilab  
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The proton beam creates 
pions, which decay into  
muons and other particles
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The	Intensity/Precision	Frontier	

The	Intensity/	Precision	Frontier	is	a	broad	and	diverse,	yet	connected,
set	of	set	of	science	opportunities

Heavy	Quarks Charged		
Leptons

New	Light,	Weakly	
Coupled	Particles

Neutrinos

Nucleons	&	Atoms Baryon	Number	Violation
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The Intensity Frontier Program 

The Intensity Frontier is a broad and diverse, yet 
connected, set of science opportunities 
  
 

CP Asymmetries, 
Rare decays,  
Distributions 
K’s, Charm, B’s 

   LFV with µ,τ 
   g-2 
   EDM 

 
New particle 
searches 

LFV with 
ν Oscillations 
0νββ 

 
EDMs 
Parity Violation 

 
Proton Decay 
Neutron 
Oscillation 

Quark
Flavor	Physics

Charged	lepton
Flavor	Physics
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New	physics	can	show	up	at	the	intensity/precision	frontier	
before	the	energy	frontier

The	power	of	quantum	loops:

Beta-decay		@	MeV	energies	informs	us	of		a	virtual
mediator	at	80	GeV	(W)

GIM	mechanism	before	the	discovery	of	charm

CP	violation/	CKM	before	the	discovery	of	beauty	and	top

Neutral	currents	before	the	discovery	of	Z	

49
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Power of Expedition
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experimental reach [GeV]
(with significant simplifying assumptions)

LHC
dark matter

quark flavor
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neutrino
proton deay

EDM

courtesy: Zoltan Ligeti

Proton	decay

The	power	of	quantum	loops

(Adapted	from	Ligeti/Muyrama)50



Triumph of the CKM description
•  All the flavour changing processes are described by the four 

parameters of the CKM mass mixing matrix (λ, A, ρ, η)

•  From this plot, we know already either new physics energy 
scale is >> TeV (far beyond LHC) or the flavour structure of 
new physics is very special.

T. Nakada (EPFL), CP Violation and Rare Decays Rencontres de Blois, Blois, France, 30.5-3.6 August 2013 16/48

HCPSS2016	-- I.	Shipsey

Quark	flavor	physics
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The	need	for	more	precision

! “Imagine	if	Fitch	and	Cronin	had	stopped	at	the	1%	level,	
how	much	physics	would	have	been	missed”

– A.Soni

! “A	special	search	at	Dubna was	carried	out	by	Okonov and	
his	group.	They	did	not	find	a	single	KL0→π+π– event	
among	600	decays	into	charged	particles	(Anikira et	al.,	
JETP	1962).	At	that	stage	the	search	was	terminated	by	
the	administration	of	the	lab.	The	group	was	unlucky.”

– L.Okun
(remember:	B(KL0→π+π–)	~	2	10–3)
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Flavour	physics	at	the	LHC	a	great	success,	
with	run-1	delivering	in	all	important	topics

Observation	of	Bs→μμ Precise	studies	of	CPV	in	the	Bs system

Great	steps	forward	in	knowledge
of	unitarity triangle	angle	γ (φ3)

[LHCb-PAPER-2016-032]

[N
ature 522 (2015) 68]

Probing	for	CPV	in	charm	with	per	mille	precision

[LHCb-PAPER-2016-035]
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But	some	intriguing	anomalies	have	emerged
from	LHC-b	and	the	B-factories	

??

[J
H

EP
 0

9 
(2

01
5)

 1
79

]

[PRL	113	(2014)	151601]

Anomalous	behaviour
In	b→sl+l- observables Hints	of	lepton	universality	

violation	in	B→D(*)lν …

…and	in	B→Kl+l-

B0→K*μμ P5’  vs q2

Bs→ϕμμ
differential	BR	vs	q2

[J
H

EP
 0

2 
(2

01
6)

 1
04

] And	longstanding	inconsistency
In	exclusive	vs	inclusive	Vub and
Vcb determinations.

[Y.	Sato,	this	conference]???

???

3.7σ

The	quest	for	indirect	discovery	of	new	physics		requires	patterns	of	deviations	to	existHCPSS2016	-- I.	Shipsey 54



Physics	Reach	Belle	II	&	LHCb upgrade

KEKB	to	
SuperKEKB

e-
2.6A

e+ 3.6A

and Muon System, together with two dedicated stations in the VELO (the Pile-Up
detectors) are equipped to provide information to the current LHCb first-level trigger.

Figure 4: Layout of the current LHCb detector

4.1 Pileup and Occupancy

During 2010 and 2011 significant experience has been acquired in LHCb in running
conditions which are similar to those expected at the upgrade. The experiment has
been running at luminosities close to or above design luminosity but with the number
of bunches in the machine below nominal, i.e. with bunch spacings greater than
25 ns. The effect on this on the pile-up, defined as the number of interactions per
triggered bunch crossing is shown in figure 5. Operation has occured at pileup
values of ∼ 2.5, which is very similar to that forseen at the upgrade. The signal
to background of key channels have been investigated as a function of pileup and in
general the loss of sensitivity is small. The evolution of the reconstruction efficiency as
a function of pileup and occupancy has been studied with the real data and compared
to simulation, giving good confidence that the simulation can correctly estimate the
detector performance at the upgrade. The detector has not yet experienced spillover
(defined as crosstalk from the previous or next event) from 25 ns running, however
in 2011 the LHC has started operating with 50 ns bunch spacing, and this, together
with the long drift times currently used in the outer tracker has enabled us to start
to gain experience in this area also.

8

Energy:     4 GeV (e+)      7 GeV (e-)

Current:     3.6 A               2.6 A

Crossing angle/2:     41 mrad

Luminosity:             8x1035 cm-2s-1

Energy:     3.5 GeV (e+)      8 GeV (e-)

Current:     1.6 A               1.2 A

Crossing angle/2:     11 mrad

Luminosity:              2.1x1034 cm-2s-1

KEKB upgrade
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New	generation	of	Kaon experiments

Introduction NA62 K ! ⇡⌫⌫ Experiments

K ! ⇡⌫⌫

Ultra rare decay
FCNC process forbidden at tree-level

Very clean theoretical prediction:
hadronic matrix element extracted from BR(K ! ⇡e⌫)

Golden modes:
BR

SM

from CKM from theory
K

L

! ⇡0⌫⌫ (2.43 ±0.39 ±0.06) 10�11

K+ ! ⇡+⌫⌫ (7.81 ±0.75 ±0.29) 10�11

Current existing measurement
based on 7 events (E787/949):
(1.73+1.15

�1.05)10
�10

Lead to measurement of
V
td

⇡ 7%

New Physics scenario !

Antonino Sergi Prospects for K+ ! ⇡

+
⌫⌫ observation in NA62 2 / 22

Introduction NA62 Strategy Tracking PID Vetos TDAQ Performance Status

NA62 Construction

Antonino Sergi Prospects for K+ ! ⇡

+
⌫⌫ observation in NA62 21 / 22

8

OK T
ν

νs

d

KAON13 @ Univ. of Michigan Ann Arbor

Detector construction

• To reduce the interaction between the beam particles and the residual gas, 
the evacuation started from 2013-Jan-4.
• The current vacuum level of the decay region is 7x10-5Pa.

6

OK T
ν

νs

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto

3

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04 CC05 CC06 BHCV BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013

10m

Vacuum chamber

KL

Decay region

primary p
(30GeV)

target

!, n

20m beam line
Sweeping magnet and collimator

KL

Hermetic veto Calorimeter

Charged

!

!

"

"

"

"

!
!

!"#$%&$ '

!"##$%&'()*+,*-(&%

.(&%*/0"1$#(*&1'(0*
2"##$%&'"0*&#$34%(4'*5*6+

7"8(&-#(*'9"*:'&3(*2"##$%&'"0
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T. Shimogawa et al., 
NIMA 623, (2010) 585

KOTO detector
Photo of  the vacuum tank
and 3D image inside

O(1)	SM	KL à π0 νν events

O(100)	SM	K+ à π+νν events

KOTO	at	J-PARC

NA62	at	CERN
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    Ryu Sawada                                              Flavor Physics : Charged leptons                                           ICHEP 2016

COMET @ J-PARC 19
current limit : 7×10-13 (SINDRUM II)

W.Ootani, “Review of Experimental cLFV Searches”, Neutrino2016, Jul.4-9, 2016, South Kensington, London 22

μ-N→e-N COMET@J-PARC

Y. Fujii @ CLFV2016

COMET Overview

9

Muon Stopping Target

8GeV Proton Beam

• Aiming O(10-17) sensitivity
• 10,000 times better than the current limit

• C-shaped μ- transport solenoid
• For suppress beam BG

• Additional C-shaped e- spectrometer
• Suppress DIO+beam BG

Detector Solenoid

Electron Spectrometer

Pion Capture Solenoid

Muon Transport Solenoid

Y.Fujii CLFV2016

• Staging approach @COMET 
• Phase-I: SES 3×10-15 (150days) + beam BG study

• Phase-II: SES 2.6×10-17 (~1year)

● Phase I (C-shaped muon solenoid, muon target in the detector) 
● Single event sensitivity: 3×10-15 

● Phase II (Full apparatus shown above) 
● Single event sensitivity: 2.6×10-17

COMET	@	J-PARC Mu2e	@	FNAL

New	generation	of	muon	experiments	(cLFV)
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G-2

Experiment	construction	on	schedule	
and	on	budget.	

Improved	experimental	design.	

Improved	simulaton.	

Aims	to	reduce	error	from	0.2ppm	to	
0.07ppm.

35

See talk by Bowcock

g-2
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What	is	flavor physics?

“The term flavor was first used in particle 
physics in the context of the quark model of 
hadrons. It was coined in 1971 by Murray 

Gell-Mann and his student at the time,
Harald Fritzsch, at a Baskin-Robbins ice-

cream store in Pasadena. Just as ice cream 
has both color and flavor so do quarks.”

RMP 81 (2009) 1887

What	is	in	a	name?
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What	is	in	a	name?
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Isospin	

  

Isospin

What is the difference between the proton (charge 
= +1) and the neutron (neutral)?

masses almost identical

coupling to the strong interaction identical

Heisenberg (in 1932 – a big year for flavour physics) 
proposed (p,n) members of isospin doublet:

p: (I;I
z
) = (½; +½) n: (I,I

z
) = (½; –½)

Later extended to other particles 
pions form an isospin triplet π+,0,–: (I; I

z
) = (1; +1,0,–1)

Tim Gershon
Flavour & CPV
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Isospin	Symmetry

  

Isospin symmetry

Strong interaction same for proton & neutron

Hamiltonian invariant under global SU(2) rotation

pions thought to be Yukawa particles

gauge bosons responsible for mediating strong force (related to 
local SU(2) symmetry ... not correct description of strong 
interaction)

Isospin is not an exact symmetry

nonetheless proved to be a very useful concept

successful because m
u
 ~ m

d
 & m

u
,m

d 
< Λ

QCD

Tim Gershon
Flavour & CPV
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The	flavor	puzzle

  

Isospin symmetry

Strong interaction same for proton & neutron

Hamiltonian invariant under global SU(2) rotation

pions thought to be Yukawa particles

gauge bosons responsible for mediating strong force (related to 
local SU(2) symmetry ... not correct description of strong 
interaction)

Isospin is not an exact symmetry

nonetheless proved to be a very useful concept

successful because m
u
 ~ m

d
 & m

u
,m

d 
< Λ

QCD

Tim Gershon
Flavour & CPV

 7

What is flavour physics?

Tim Gershon
Flavour & CPV

Why	are	there	so	many	particles?
63
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Flavor	Physics	&	Parameters	of	the	Standard	Model

64



•  What are the dynamical origins of fermion masses, mixings, 
and CP violation?!

•  What are the scales associated with this dynamics?!
•  What are the symmetries and symmetry breakings?!
•  What is the complete Higgs sector and how does it work?!
•  How are quark and lepton flavor related?!
•  What other flavor sectors are accessible, e.g.!

–  superpartners!
–  dark sector!

Joe Lykken | SSI2015 "The Universe of Neutrinos"! August 21 2015!27!

Flavor (broadly defined) is a big over-arching challenge of 
particle physics for the first half of this century!
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What is the underlying dynamics of flavor?!

Joe Lykken | SSI2015 "The Universe of Neutrinos"!26!

Saying that the Standard Model with the Higgs mechanism is a successful 
theory of fermion masses is like saying that the Periodic Table is a 
successful theory of atoms!
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Reducing	the	scope

! Flavor physics	includes
– Neutrinos
– Charged	leptons
– Kaon	physics
– Charm	&	beauty	physics
– (Some	aspects	of)	top	physics

! Focus	here	will	be	on	beauty
– will	touch	on	others	when	appropriate
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Heavy	quark	flavour	physics
! Focus	on

– flavour-changing	interactions	of	charm	and	beauty	quarks	

! But	quarks	feel	the	strong	interaction	and	hence	hadronise

– various	different	charmed	and	beauty	hadrons

– many,	many	possible	decays	to	different	final	states		

! Hadronisation greatly	increases	the	observability	of	CP	
violation	effects

– the	strong	interaction	can	be	seen	either	as	the	“unsung	hero”	
or	the	“villain”	in	the	story	of	quark	flavour	physics

I. Bigi, hep-ph/0509153

Where the b-physics program is: the successful CKM-project of the past 
two decades (a non-lose theorem) has morphed into 
the Flavor-New Physics project (where a  no-lose theorem does not exist)
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In	a	nutshell
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Amplitudes and	Phases	in	
the	Weak	Interaction

L.	Wolfenstein

M.Kobayashi T.MaskawaN.	Cabibbo
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Three	Angles:	(φ1,φ2,φ3)	or	(β,	α,	γ)

B0àΨ Ks,Ψ KLB- àDCP K-

B0 à π- π+

Big	Questions:	Are	determinations	of	angles	consistent	with	
determinations	of	the	sides	of	the	triangle	? Are	angle	
determinations	from	loop	and	tree decays	consistent	?	

Unitarity	implies	that	the	
weak	couplings	and	phases	
form	a	triangle	in	the	
complex	plane.
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Time-dependent	CP violation	is	
“A	Double-Slit	experiment”	with	particles	and	antiparticles

b c

d

c
s
d

J/y
KS

b

d c J/y
KS

b
c
s
ddt

t
+

QM interference between two diagrams

tree diagram
box diagram + tree diagram

Vtd

Vtd

Measures the phase of Vtd or equivalently the phase of 
Bd –anti Bd mixing.
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Time-dependent	CP violation	is	
“A	Double-Slit	experiment”	with	particles	and	antiparticles

b c

d

c
s
d

J/y
KS

b

d c J/y
KS

b
c
s
ddt

t
+

QM interference between two diagrams

tree diagram
box diagram + tree diagram

Vtd

Vtd

Measures the phase of Vtd or equivalently the phase of 
Bd –anti Bd mixing.
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In	more	detail
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Perspective on the Perspective on the bb quarkquark

1.1. MassMass: The : The bb quark is the heaviest quark that forms quark is the heaviest quark that forms hadronichadronic
bound states. bound states. mmBB=5.28 =5.28 GeVGeV

2.2. LifetimeLifetime: It must decay outside of its own quark generation : It must decay outside of its own quark generation ÆÆ
decay is suppressed decay is suppressed ÆÆ relatively long lifetime (1.6 relatively long lifetime (1.6 psps))

3.3. Decay modesDecay modes: : bbÆÆcc decay is dominant; large massdecay is dominant; large massÆÆ many many 
accessible final states. Many processes: trees, loops, oscillatiaccessible final states. Many processes: trees, loops, oscillations. ons. 

4.4. CPCP violationviolation: : CabibboCabibbo--KobayashiKobayashi--MaskawaMaskawa matrix matrix ÆÆ very large very large 
CPCP asymmetries in some asymmetries in some BB decays. Confirmed by experiment!decays. Confirmed by experiment!

           
u c t
d s b
⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

loop processes

tree processes

oscillations

Perspective	on	the	b	quark
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W-mediated b-quark transitions have several key features in common 
with muon decay.

Very strong dependence of decay rate on mass!

MuonMuon decay: a prototype lowdecay: a prototype low--energy weak decayenergy weak decay

µ−

e−

eν
µνg

g

2 5
3 4 2

3 (1 8 8 12 ln )
192
FG m

x x x x xµ

π
Γ = ⋅ − + − − 2

2
emx
mµ

≡

2

282
F

W

G g
M

≡

(ignoring QED radiative corrections)

1
52 (1 )µγ γ−

2

2 2

( / )W

W

g q q Mi
q M

µν µ ν− +
−

2 2 2
Wq m Mµ≤ =

Muon	Decay:	

HCPSS2016	-- I.	Shipsey 76



Vertex factors for Vertex factors for WW--mediated quark processesmediated quark processes

ijgV *
ijgV

W −

W +W −

1
3( )jq −

2
3( )iq −

2
3( )iq + 1

3( )jq −

ijgV

emit  or absorb   ijW W V− + ⇒
*emit  or absorb   ijW W V+ − ⇒

2
3( )iq +

1
3( )jq +

W +

1
3( )jq + 2

3( )iq −*
ijgV

Universal weak coupling g
must be multiplied by 
element of CKM matrix Vij.

Reminder:	vertex	factors	for	W-mediated	quark
transitions	
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Complexities of Complexities of BB decay decay 

Exchange of gluons is between daughter 
quark and spectator quark to form the final
state meson.

Initial system is 
bound state:
b-quark is not at 
rest in B frame.

b
c

q q

−l

ν l

g

cbgV
CKM matrix element

Underlying weak process is substantially affected by an overlay
of strong interactions.

B-quark	ideal,	B-meson	reality
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Weak transitions underlying Weak transitions underlying BB decay (I)decay (I)

W −

b
,c u

d d

u
d

, ,e µ τ− − − −=l

Tree: external spectator

Semileptonic decay:
-Charge of lepton is correlated       

w/charge of b (b) quark
-Largest B branching fraction
-Strong interactions do not affect  

upper vertex particles!

W −

b
,c u

d d

ν l

Hadronic decay:
- External spectator diagram
- bÆc is dominant
- Upper vertex can also produce

, ,us cs cd

Weak	Transitions	in	B	Decay
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Weak	Transitions	in	B	Decay
Weak transitions underlying Weak transitions underlying BB decay (II)decay (II)

Hadronic decay:
- “Internal” spectator diagram
- Color suppressed
- In B0 decays, can interfere  

with ext. spectator diagram. 

Hadronic decay:
- Gluonic penguin diagram
- Many such modes have now 

been observed! 
- Loop diagrams are 

suppressed in SMÆ good 
place to search for new  
physics amplitudes.

Loop: gluonic penguin

Tree: internal spectator
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Weak	Transitions	in	B	Decay

γ
b , ,u c t

W −

,s d b ,s d

d dd d

b

u

W −

, ,e µ τ− − − −=l

ν l

,Zγ
+l
−l

b
, ,u c t

,s d

d d

+l−l
ν l

Loop: radiative penguin Loop: electroweak penguin

Box diagram

Weak transitions underlying Weak transitions underlying BB decay (III)decay (III)

Leptonic decay
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Weak transitions underlying Weak transitions underlying BB0 0 BB0 0 oscillationsoscillations

W − W +

b d

d

, ,u c t

, ,u c t b

B0 and B0 spontaneously evolve into each other. More precisely, a 
particle that is initially a B0 evolves into a superposition of B0 and B0 .

b

d

W −

W +

d

b

0 0 02

0 0 02

( )       cos    sin
2 2

( )     sin        cos
2 2

t iMt

t iMt

M t M tB t e e B i B

i M t M tB t e e B B

α

α

Γ
− −

Γ
− −

∆ ⋅ ∆ ⋅⎛ ⎞= + ⋅⎜ ⎟
⎝ ⎠

∆ ⋅ ∆ ⋅⎛ ⎞= +⎜ ⎟
⎝ ⎠

Weak transitions underlying Weak transitions underlying BB0 0 BB0 0 oscillationsoscillations

W − W +

b d

d

, ,u c t

, ,u c t b

B0 and B0 spontaneously evolve into each other. More precisely, a 
particle that is initially a B0 evolves into a superposition of B0 and B0 .

b

d

W −

W +

d

b

0 0 02

0 0 02

( )       cos    sin
2 2

( )     sin        cos
2 2

t iMt

t iMt

M t M tB t e e B i B

i M t M tB t e e B B

α

α

Γ
− −

Γ
− −

∆ ⋅ ∆ ⋅⎛ ⎞= + ⋅⎜ ⎟
⎝ ⎠

∆ ⋅ ∆ ⋅⎛ ⎞= +⎜ ⎟
⎝ ⎠
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Mass dependence of weak decay ratesMass dependence of weak decay rates
(correcting for CKM elements)(correcting for CKM elements)

π −

µ−

K −

D−τ −

B−

Prior	expectation:	~10-14s
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From	discovery	to	completion
of	the	CKM	project
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400	GeV proton-nucleus	
collisions	at	Fermilab.	In	1977,	
Lederman’s	team	find	a	
resonance	at	9.5	GeV	
decaying	to	pairs	of	muons.

HADRONS

!  Υ, formed of bb quarks,  
   found at Fermilab in the          
µ+µ- chanel 

HCPSS14, August, 2014! 9 

A bit of history 
Herb et. al, PRL 39, 252 (1977) 

!  Followed by Doris Υ, Υ'; 
CLEO & CUSB that 
distinctly observed all 3 
states, & published on the 
1979 Xmas card 
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Radial	excitations

ϒ(nS) = bb

Electron-positron	collisions	at	DORIS	(Germany)	and	CESR	
(Cornell)	allowed	the	resolution	and	discovery	of	these	
“positronium-like”	radial	excitations.
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Typical	card	celebrating	the	winter	holidays
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Particle	physics	holiday	card	(1979)	

!  Υ, formed of bb quarks,  
   found at Fermilab in the          
µ+µ- chanel 

HCPSS14, August, 2014! 9 

A bit of history 
Herb et. al, PRL 39, 252 (1977) 

!  Followed by Doris Υ, Υ'; 
CLEO & CUSB that 
distinctly observed all 3 
states, & published on the 
1979 Xmas card 
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B	production	at	the	Y(4S)	

Production of Production of B B mesons in emesons in e++ee-- collisionscollisions

0 0(4 ) ( ) ( )e e bb S B bd B bdγ+ − → → → ϒ →

e-

γ

b

d

b

d

b

2310  s−; 12( ) 1.6 10  sBτ −×;

b
(4 )Sϒ

e+

t

0( )B bd

0( )B bd

( ) ( )B bu B bu+ −

strong weak

, , , , , , ,e e uu dd ss cc bb e eγ µ µ τ τ+ − + − + − + −→ →
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Rather	than	using	invariant	mass,	one	can	use	“beam-
constrained	mass”	or	“energy-substituted	mass”	to	isolate	
the	signal.	The	resolution	is	usually	about	an	order	of	
magnitude	better	!

Also	use	the	energy	difference	(given	below	in	
the	CM	frame)	to	extract	the	signal

The	Power	of	Production	at	threshold

BaBar’s definition	of	mES is	slightly	different

Much	of	the	background	can	be	removed

ΔE = Erec −Ebeam
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qq events
(q=u,d,s,c)

Identifying Identifying BB signals at the Y(4S)signals at the Y(4S)
Suppose that you have a large collection of events, say 300 M. 
How do you identify and measure a specific B decay process?

Beam  energy- subst ituted m ass Energy difference Event  shape

2*2 *
ES beam Bm E p= −

r **
beamB EEE −=∆

BB events
σ(m ES)  ≈ 2.6 MeV σ(∆E)  ≈

15 MeV

ESm E∆* e+e- CM frame

The	Power	of	Production	at	threshold
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First observation of exclusive First observation of exclusive BB decays decays 
(CLEO I, 1983)(CLEO I, 1983)

Observed yields vs. expected yields
(based on more recent measurements).

ModeMode N events N events 
(observed)(observed)

N events N events 
(expected)(expected)

22 33

55 00

66 1/31/3

55 11

Sum of all modesSum of all modes 1818 4.334.33

0B D π− −→

0 0B D π π+ −→

*B D π π− + − −→

0 *B D π π+ − −→

Then:	

Now:	

CLEO	discovery	of	B	meson Belle	studies	of	CP	violation
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Unexpectedly	long	B	lifetime

• The	initial	measurements	of	the	B	lifetime	came	from	
e+e- collisions	at	29	GeV	at	PEP,	at	SLAC.

1.5	ps Surprisingly	long	!
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B	Mesons:	“Laboratory	Rats	of	the	
Weak	Interaction”

Exotic bound state of 
matter and antimatter

(hydrogen-like)
b quark mass 

~ 5x proton mass

Lifetime ~ 1.5ps

1987:	ARGUS	at	Y(4S)	finds	that	the	neutral	B	meson	can	
transform	into	its	anti-particle,	“B-Bbar mixing”

( )tb
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Ikaros Bigi and	Tony	Sanda
realized	that	the	long	lifetime	of	
the	B	meson	and	the	possibility	of		
particle-antiparticle	mixing	could	
lead	to	CP	non-conservation	in	
the	B	sector.	

Courtesy:	D	.	MacFarlane
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All B decays are CKM suppressed, with  bÆc decays dominant

Origin and implications of the long Origin and implications of the long BB lifetimelifetime

22 5
F cb bG V mΓ ∝

2 30.04       1.6 10cb cbV V −×; ;

lab lab lab

lab B rest

lab B rest

 
v t c t

t t
c t

β
γ

βγ

∆ = ⋅∆ = ⋅∆
∆ = ⋅∆

⇒ ∆ = ⋅ ∆

l

l

lab B rest

          B

c t

c

βγ

βγ τ

∆ = ⋅ ∆

= ⋅

l

8 -1 12(3 10  ms )(1.6 10  s)=0.48 mmBcτ
−= × ×

0.56 in BaBar
Æ1/4 mm

How far will B mesons travel before decaying?

average over decays

• The	factor	βγ=0.0646	at	the	Υ(4S)
• Average	decay	length	is	only	~29μm
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A	new	idea
At	a	Snowmass	meeting	in	1988 Pier	Oddone (LBL)	
proposed	using	asymmetric	energy	beams.

Decay	lengths	are	dilated	from	~20	
microns	to	~200	microns.	Time	
integrated	CP	asymmetries	vanish	
at	the	Upsilon(4S)	but	can	be	
measured	in	this	case.
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The	1st Generation	Asymmetric
B	Factories
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The	1st Generation	Asymmetric	B	Factories

 37

World record luminosities (2)

LHC

Tim Gershon
Flavour & CPV
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The	1st Generation	Asymmetric
B	Factories
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The	1st Generation	Asymmetric
B	Factories

HCPSS2016	-- I.	Shipsey 101

LHCb &	Super-KEKB/Belle	II	
will	be	introduced	later	in	the	talk



Critical Role of the B 
factories in the 
verification of the KM 
hypothesis was 
recognized and cited by 
the Nobel Foundation

A single irreducible 
phase in the weak 
interaction matrix 
accounts for most of 
the CPV observed in 
kaons and B’s.

CP violating effects in 
the B sector are O(1) 
rather than O(10-3) as 
in the kaon system.

2008:
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Nobel Prizes from Surprising Discoveries about 
Weak Interactions of Quarks

T.D. Lee C.N. Yang

J. Cronin V. Fitch

M. Kobayashi T. Maskawa

1980

2008

1957

Maximal P 
violation

Small CP 
violation

O(1) CP 
violation 
and 3 
generations
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Are	we	done	?	(Didn’t	the	B	factories	accomplish	their	
mission,	recognized	by	the	2008	Nobel	Prize	in	Physics	?)

BAU:	KM	(Kobayashi-Maskawa)	mechanism	still	
short	by	10	orders	of	magnitude	!!!
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Pb: 6 mm
thick

Discovery of antimatterDiscovery of antimatter
z Dirac relativistic wave equation 

(1928):  extra, “negative-energy”
solutions. Positron interpretation 
confirmed by Anderson.

z A radical idea: doubling the 
number of kinds of particles!

z Supersymmetry: doubles the 
number of particles again!

P.A.M. Dirac, Proc. Roy. Soc. (London), A117, 610 (1928);    
ibid., A118, 351 (1928).

C.D. Anderson, Phys. Rev. 43, 491 (1933).
HCPSS2016	-- I.	Shipsey 105



  

What is CP violation?

The θ – τ puzzle:

● two strange charged particles discovered

– the “θ” decaying to π+π0  

– the “τ” decaying to π+π–π+ 

● parities of 2π and 3π are opposite, but masses and 
lifetimes of θ & τ found to be the same

Parity violation discovered 1957 (C.N.Wu et al, then 

many others, all following T.D.Lee and C.N.Yang)

θ & τ are the same particle: “ K+ ”
Tim Gershon

Flavour & CPV

Parity	Violation
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P and C are individually violated maximally in the weak interactions,  
but combined CP is a good symmetry even for most weak processes!

PP and and CC violation in polarized violation in polarized muonmuon decaydecay

µ−

e−

µν

eν

µ−

e−

µν

eν

µ+

e+

µν

eν

P C
Allowed AllowedNot Allowed

=spin direction
= momentum

direction

( )1Γ ( )2 0Γ = ( )3 1Γ = Γ
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Discovery of CP violationDiscovery of CP violation
zz CP violation at a tiny level (10CP violation at a tiny level (10--33) was first discovered in 1964 in ) was first discovered in 1964 in 

the decays of neutral the decays of neutral kaonskaons (mesons with strange quarks). (mesons with strange quarks). 

zz Demonstrated that Demonstrated that KKLL
00 is not an is not an eigenstateeigenstate of CP: of CP: 

0 3( ) (2.0 0.4) 10      ( , 0) 1L CPB K Lπ π η π π+ − − + −→ = ± × = = +

Jim Cronin’s Nobel Prize lecture:
“...the effect is telling us that at some tiny level there is a 
fundamental asymmetry between matter and antimatter, and it is 
telling us that at some tiny level interactions will show an 
asymmetry under the reversal of time. We know that 
improvements in detector technology and quality of accelerators 
will permit even more sensitive experiments in coming decades. 
We are hopeful then, that at some epoch, perhaps distant, this 
cryptic message from nature will be deciphered.”

[ , ] 0H CP ≠

  

From P to CP

P is maximally violated in beta decay (no right-handed 

neutrinos), however, C is also maximally violated (no 

left-handed antineutrinos)

● C : charge conjugation (swap particle for antiparticle)

● the product CP is conserved (Landau 1957)

Or so thought, until K
L
 → π+π– [CP(–1)→CP(+1)] was 

observed (Cronin & Fitch, 1964)
● CP violation distinguishes absolutely matter from antimatter

N.B. CPT is conserved in any Lorentz invariant gauge field theory

Tim Gershon
Flavour & CPV

For a fascinating historical perspective on the discovery of CP violation, 

see J. Cronin @ 50 years of CP violation

https://indico.ph.qmul.ac.uk/indico/conferenceDisplay.py?confId=15HCPSS2016	-- I.	Shipsey 108



Aside: the experimental proposal

) Cronin & Fitch, Nobel Prize, 1980

) 3 generations, Kobayashi & Maskawa, Nobel Prize, 2008

Experimental	Proposal		(1963)
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A. Sakharov (1967): How to generate an asymmetry 
between N(baryons) and N(anti-baryons) in the universe 
(assuming equal numbers initially)?
1. Baryon-number-violating process

2. Both C and CP violation (particle helicities                                    
not relevant to particle populations)

3. Departure from thermal equilibrium

We appear to owe our existence to some form of CP We appear to owe our existence to some form of CP 
violation at work in the early universe.violation at work in the early universe.

( )bar anti-bar ( ) ( )i i i
i

N N X Y X Y B− ∝ Γ → − Γ → ⋅∆⎡ ⎤⎣ ⎦∑

Cosmology: Sakharov’s three conditions 

 19

Sakharov conditions

● Proposed by A.Sakharov, 1967

● Necessary for evolution of matter dominated 
universe, from symmetric initial state

(1) baryon number violation

(2) C & CP violation

(3) thermal inequilibrium

● No significant amounts of antimatter observed

● ΔN
B
/N

γ
 = (N(baryon) – N(antibaryon))/N

γ
 ~ 10-10

Tim Gershon
Flavour & CPV

We	appear	to	owe	our	existence	to	some	form	
of	CP	violation	at	work	in	the	early	universeHCPSS2016	-- I.	Shipsey 110



Digression3:	Are	there	antimatter	
dominated	regions	of	the	Universe?

! Possible	signals:
– Photons	produced	by	matter-antimatter	annihilation	at	
domain	boundaries	– not	seen

! Nearby	anti-galaxies	ruled	out
– Cosmic	rays	from	anti-stars

! Best	prospect:	Anti-4He	nuclei
! Searches	ongoing	...
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Searches	for	astrophysical	antimatter
Alpha Magnetic Spectrometer Experiment
on board the International Space Station

Payload for AntiMatter Exploration and 
Light-nuclei Astrophysics Experiment

on board the Resurs-DK1 satellite

launched 15th June 2006launched 16th May 2011
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CKM	CP	Violation	&	the	BAU
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-8%

 25

We need more CP violation!

● Widely accepted that SM CPV insufficient to explain 
observed baryon asymmetry of the Universe

● To create a larger asymmetry, require

– new sources of CP violation 

– that occur at high energy scales

● Where might we find it?

– quark sector: discrepancies with KM predictions

– lepton sector: CP violation in neutrino oscillations

– gauge sector, extra dimensions, other new physics: 
precision measurements of flavour observables are 
generically sensitive to additions to the Standard Model

Tim Gershon
Flavour & CPV

More	CP	Violation	needed
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CP violation and aliens from outer spaceCP violation and aliens from outer space

0 0

0 0

( ) ( ) 13%
( ) ( )CP
B K B KA
B K B K

π π
π π

− + + −

− + + −

Γ → − Γ →
= −
Γ → + Γ →

;

We have these inside of us.

bd bd

udπ − =
K us− =

We can use our knowledge of CP violation to determine whether 
alien civilizations are made of matter or antimatter without having 
to touch them.

Finally: a practical application for particle physics!

-8%
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How are CP violating asymmetries produced?How are CP violating asymmetries produced?
The Standard Model predicts that, if CP violation occurs, it must
occur through specific kinds of quantum interference effects..

source
1A

2A

1A

2A

1A

2A

a

a

if

if
Double-slit experiment: if the final
state does not distinguish between
the paths, then the amplitudes A1
and A2 interfere!

HCPSS2016	-- I.	Shipsey 116



Two amplitudes with a CPTwo amplitudes with a CP--violating relative phaseviolating relative phase

z Suppose a decay can occur through two processes, with 
amplitudes A1 and A2. Let A2 have a CP-violating phase 
φ2.

1 2A A A= +

1 2A A A= +

1 1A A=
2A

2A

2ϕ

2

2

1 2

1 2

i

i

A A a e
A A a e

ϕ

ϕ−

= +

= +

No CP asymmetry!
(But the decay rate is different 
from what it would be without the 
phase.)

B0 ! B0

B0 " J/}KS
0

Bs,d
0 " n+n-

A= A1 + A2ei({2+d2)

A = A1 + A2ei(-{2+d2)

A= A1 + A2ei{2

A = A1 + A2e-i{2

HCPSS2016	-- I.	Shipsey 117



Two amplitudes with  CPTwo amplitudes with  CP--conserving & conserving & 
CPCP--violating phasesviolating phases

z Next, introduce a CP-conserving phase in addition to the 
CP-violating phase.

z Now have a CP asymmetry 1 2A A A= +

1 2A A A= +

1 1A A=

2A
2A

2δ

2 2

2 2

( )
1 2

( )
1 2

i

i

A A a e
A A a e

ϕ δ

ϕ δ

+

− +

= +

= +

2ϕ
2ϕA A≠

B0 ! B0

B0 " J/}KS
0

Bs,d
0 " n+n-

A= A1 + A2ei({2+d2)

A = A1 + A2ei(-{2+d2)

A= A1 + A2ei{2

A = A1 + A2e-i{2
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Three Kinds ofThree Kinds of CPCP ViolationViolation

We have seen that CP violation arises as an interference effect.
• Need at least two  interfering amplitudes
• Need relative CP-violating phase
• Need relative CP-conserving phase

A single CP-violating amplitude will not  produce observable 
CP violation!

Classification of CP-violating effects in particle transitions
(based on the sources of amplitudes that are present).

1. CP violation in oscillations (“indirect CP violation”)
2. CP violation in decay   (“direct CP violation”)
3. CP violation in the interference between mixing and decay
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What breaks the flavour symmetries?

● In the Standard Model, the vacuum expectation value of 
the Higgs field breaks the electroweak symmetry 

● Fermion masses arise from the Yukawa couplings of the 
quarks and charged leptons to the Higgs field (taking m

ν
=0)

● The CKM matrix arises from the relative misalignment of 
the Yukawa matrices for the up- and down-type quarks 

● Consequently, the only flavour-changing interactions are 
the charged current weak interactions

– no flavour-changing neutral currents (GIM mechanism)

– not generically true in most extensions of the SM 

– flavour-changing processes provide sensitive tests

Tim Gershon
Flavour & CPV

What	breaks	the	flavor	symmetry	?
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What	causes	the	difference	between	
matter	and	anti-matter?

 28

What causes the difference between 
matter and antimatter?

● The CKM matrix arises from the relative misalignment of 
the Yukawa matrices for the up- and down-type quarks 

● It is a 3x3 complex unitary matrix

– described by 9 (real) parameters

– 5 can be absorbed as phase differences between the quark fields

– 3 can be expressed as (Euler) mixing angles

– the fourth makes the CKM matrix complex (i.e. gives it a phase)

● weak interaction couplings differ for quarks and antiquarks 

● CP violation

VCKM = UuUd



U matrices from diagonalisation of mass matrices

Tim Gershon
Flavour & CPV
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Quark	mixing	formalism

Formalism 
!  Standard model fermions 

!  SM gauge bosons: γ, W±, Z0 & H0. 
!  Lagrangian for charged current interactions is 

!  where 

HCPSS14, August, 2014! 5 
Quark Mixing 

!  Consider the charm quark. It forms a              
2nd generation doublet with the strange       
quark (c,s). Yet it also decays into the               
d quark which is in the first generation           
with the u quark (u,d). 

!  We say this happens because the s & d quarks 
are “mixed” i.e. their wave functions really are 
described by a rotation matrix 

 

     where the s´ couples to c   

HCPSS14, August, 2014! 6 

!d
!s
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What	causes	the	difference	between	
matter	and	anti-matter?

 28

What causes the difference between 
matter and antimatter?

● The CKM matrix arises from the relative misalignment of 
the Yukawa matrices for the up- and down-type quarks 

● It is a 3x3 complex unitary matrix

– described by 9 (real) parameters

– 5 can be absorbed as phase differences between the quark fields

– 3 can be expressed as (Euler) mixing angles

– the fourth makes the CKM matrix complex (i.e. gives it a phase)

● weak interaction couplings differ for quarks and antiquarks 

● CP violation

VCKM = UuUd



U matrices from diagonalisation of mass matrices

Tim Gershon
Flavour & CPV
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The CKM matrix and its mysterious patternThe CKM matrix and its mysterious pattern

21
2

2

3

3

2 41
2

2

1 ( )
1 ( )

(1 ) 1

0.97 0.23 0.004
                          0.23 0.97 0.04      (magnitudes only)

0.004 0.04 1

ud us ub

cd cs cb

td ts tb

V V V A i
V V V A O
V V V A i A

λ

λ

λ
λ
λ ρ η

λ λ
η

λ
ρ λ

⎛ ⎞− −⎛ ⎞
⎜ ⎟⎜ ⎟ = − − +⎜ ⎟⎜ ⎟

⎜ ⎟ ⎜ ⎟− − −⎝ ⎠ ⎝ ⎠
⎛ ⎞
⎜ ⎟−⎜ ⎟
⎜ ⎟−⎝ ⎠

;

• The SM offers no explanation for this numerical pattern.
• But SM framework is highly predictive: 
� Unitarity triangle: (Col 1)(Col 3)* =0 etc.
� Only 4 independent parameters: A, λ, ρ, η
� One independent CP-violating phase parameter

(Wolfenstein parametrization)

CKM	Matrix
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Range	of	CKM	Phenomena

HCPSS2016	-- I.	Shipsey 125



CKM vs. PMNS 

HCPSS14, August, 2014! 8 

Why these values? Are the two related? Are they related to masses? 

Area ~V2 

d            s            b            

u

c

t

ν          ν          ν            

ν

ν

ν

1                   2                   3

e

μ

τ

CKM                             PMNS
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A simplified picture of the CKM matrix

β

-i

-i

γ1 1
1 1 1

1 1

e

e

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

u

d

t

c

bs

λ

λ

λ3

λ3

λ2

λ2

Largest phases in the Wolfenstein
parametrization

Magnitudes of CKM  elements

Note: all terms in the inner product between columns 1 and 3 are
of order λ3. This produces a unitarity triangle of roughly equal sides.

1
1

1

1

CKM	Matrix:	Simplified	picture
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* * *

* * *

* * *

0

0

0

ud us cd cs td ts

ud ub cd cb td tb

us ub cs cb ts tb

V V V V V V
V V V V V V
V V V V V V

+ + =

+ + =

+ + =

CP asymmetries in the CP asymmetries in the BB decays can be largedecays can be large

[Column i][Column j]*=0

Overall orientation of the 
triangle has no physical 
significance.

Fat unitarity triangle 
Îlarge angles
Îlarge CP asymmetry
But only certain decays 
have interfering amps!

Unitarity

[Row i][Row j]*=0

5

3 3 3

4 2 2

( ) ( ) ( ) 0

( ) ( ) ( ) 0
( ) ( ) ( ) 0

O O O
O O O
O O O

λ λ λ

λ λ λ

λ λ λ

+ + =

+ + =

+ + =

(Col 1)(Col 3)* =0

Unitarity Triangles
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Angles of the Angles of the unitarityunitarity triangletriangle
Consider two complex numbers z1 and z2.

1

2

1 1

2 2

i

i

z z e

z z e

θ

θ

=

=
2 1( )2 2

1 1

/
/

iz z
e

z z
θ θ−=⇒ 2

2 1
1

arg z
z

θ θ
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

*
ud ubV V *

td tbV V
α

γ
*

cd cbV V−

β

*

*arg td tb

ud ub

V V
V V

α
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

*

*arg cd cb

td tb

V V
V V

β
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

*

*arg ud ub

cd cb

V V
V V

γ
⎛ ⎞−

= ⎜ ⎟
⎝ ⎠
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*
ud ubV V *

td tbV V
α

βγ

Standard Model predicts that ALL measurements of W-mediated 
quark processes must be consistent with the CKM framework. 

• Angles of triangle: measure from CP asymmetries in B decay
• Sides of triangle: measure rates for bÆulν, B0B0 mixing
• Other constraints in ρ,η plane from CP violation in K decay

0 0 oscillation rateB B
uB X ν→ l

cB X ν→ l

0 0 0( ) / SB B J Kψ→

B DK± ±→

0 0 + -( ) ,  ,   B B ρ ρ ρπ π π+ −→

*
cd cbV V−
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CKM	constraints	on	unitarity plane

 31

Predictive nature of KM mechanism

α
βγ

Re

Im

J/2

In the Standard Model the 
KM phase is the sole 
origin of CP violation

Hence:
all measurements must 

agree on the position of the 
apex of the Unitarity Triangle

(Illustration shown assumes no 
experimental or theoretical 

uncertainties)

Area of (all of) the Unitarity Triangle(s) is given by the Jarlskog invariant

EPJC 41 (2005) 1

Tim Gershon
Flavour & CPV
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Predictive nature of KM mechanism

α
βγ

Re

Im

J/2

In the Standard Model the 
KM phase is the sole 
origin of CP violation

Hence:
all measurements must 

agree on the position of the 
apex of the Unitarity Triangle

(Illustration shown assumes no 
experimental or theoretical 

uncertainties)

Area of (all of) the Unitarity Triangle(s) is given by the Jarlskog invariant

EPJC 41 (2005) 1
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 31

Predictive nature of KM mechanism

α
βγ

Re

Im

J/2

In the Standard Model the 
KM phase is the sole 
origin of CP violation

Hence:
all measurements must 

agree on the position of the 
apex of the Unitarity Triangle

(Illustration shown assumes no 
experimental or theoretical 

uncertainties)

Area of (all of) the Unitarity Triangle(s) is given by the Jarlskog invariant

EPJC 41 (2005) 1

Tim Gershon
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Can CP violation point to new physics?Can CP violation point to new physics?

source
1A
2A

NPA

Study processes in which there 
can be extra amplitudes arising
from new physics (NP).

Must be sure that all SM 
amplitudes are fully understood.

 from physics at high mass scales is smallNPA

1,2 want to use processes in which  are smallA⇒

Hope to find a departure from the expected (SM) pattern of 
CP-violating asymmetries!
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New	physics	can	show	up	at	the	intensity/precision	frontier	
before	the	energy	frontier

The	power	of	quantum	loops:

Beta-decay		@	MeV	energies	informs	us	of		a	virtual
mediator	at	80	GeV	(W)

GIM	mechanism	before	the	discovery	of	charm

CP	violation/	CKM	before	the	discovery	of	beauty	and	top

Neutral	currents	before	the	discovery	of	Z	

If	history	is	our	guide

134



  

The GIM mechanism

K+ → μ+ν
μ
 & π0μ+ν

μ
 so why not K0 → μ+μ- & π0μ+μ- ?

● GIM (Glashow, Iliopoulos, Maiani) mechanism (1970)

no tree level flavour changing neutral currents

suppression of FCNC via loops

● Requires that quarks come in pairs (predicting charm)
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Neutral meson oscillations

● We have flavour eigenstates M
0
 and M

0

– M
0
 can be K

0
 (sd), D

0
 (cu), B

d

0
 (bd) or B

s

0
 (bs)

● These can mix into each other

– via short-distance or long-distance processes

● Time-dependent Schrödinger eqn.

– H is Hamiltonian; M and Γ are 2x2 Hermitian matrices 

● CPT theorem: M
11

 = M
22

 & Γ
11

 = Γ
22

i ∂
∂t M

0

M
0=HM

0

M
0=M−

i

2
M

0

M
0

particle and antiparticle have equal masses and lifetimes

–

––––
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Neutral	meson	oscillations
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Solving	the	Schrödinger	equation
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Solving the Schrödinger equation

● Physical states: eigenstates of effective Hamiltonian

M
S,L

 = p M0 ± q M0

– CP conserved if physical states = CP eigenstates (|q/p| =1)

● Eigenvalues

λ
S,L

 = m
S,L

 – ½iΓ
S,L

 = (M
11

 – ½iΓ
11

) ± (q/p)(M
12

 – ½iΓ
12

)

Δm = m
L
 – m

S
 ΔΓ = Γ

S
 – Γ

L
 

(Δm)2 – ¼(ΔΓ)2 = 4(|M
12

|2 + ¼|Γ
12

|2) 

ΔmΔΓ = 4Re(M
12

Γ
12

*)

(q/p)2 = (M
12

* – ½iΓ
12

*)/(M
12

 – ½iΓ
12

) 

–

label as either S,L (short-, long-lived) or L,H (light, heavy) depending on values of Δm & ΔΓ 
(labels 1,2 usually reserved for CP eigenstates)

p & q complex coefficients 
that satisfy |p|2 + |q|2 = 1
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Simplistic picture of mixing parameters

● Δm: value depends on rate of mixing diagram

– together with various other constants ...

– that can be made to cancel in ratios

● ΔΓ: value depends on widths of decays into common final 
states (CP-eigenstates)

– large for K0, small for D0 & B
d

0

● q/p ≈ 1 if arg(Γ
12

/M
12

) ≈ 0 (|q/p| ≈ 1 if M
12

 << Γ
12

 or M
12

 >> Γ
12

)

– CP violation in mixing when |q/p| ≠ 1 

remaining factors can be obtained 
from lattice QCD calculations

 =
p−q

pq
≠ 0Tim Gershon

Flavour & CPV
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Simple	picture	of	mixing	parameters

HCPSS2016	-- I.	Shipsey 139



Constraints	on	NP	from	mixing
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Constraints on NP from mixing

● All measurements of Δm & ΔΓ consistent with SM

– K
0
, D

0
, B

d

0
 and B

s

0
 

● This means |A
NP

| < |A
SM

| where

● Express NP as perturbation to the SM Lagrangian 

– couplings c
i
 and scale Λ > m

W

● For example, SM like (left-handed) operators

Ann.Rev.Nucl.Part.Sci. 

60 (2010) 355

Tim Gershon
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Ann.Rev.Nucl.Part.Sci. 
60 (2010) 355

arXiv:1002.0900
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Constraints	on	NP	from	mixing

 19

Similar information pictorially

Tim Gershon
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Ann.Rev.Nucl.Part.Sci. 
60 (2010) 355

arXiv:1002.0900
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Similar	story	in	pictures
including	more	inputs	(&	more	up-to-date)

arXiv:1501.05013
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Similar story – but including more (& 
more up-to-date) inputs, and in pictures

Phys.Rev. D91 (2015) 073007

Tim Gershon
Flavour & CPV
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New	Physics	Flavour	Problem
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New Physics Flavour Problem

● Limits on NP scale at least 100 TeV for generic couplings

– model-independent argument, also for rare decays

● But we need NP at the TeV scale to solve the hierarchy 
problem (and to provide DM candidate, etc.)

● So we need NP flavour-changing couplings to be small

● Why?

– minimal flavour violation?

● perfect alignment of flavour violation in NP and SM

– some other approximate symmetry?

– flavour structure tells us about physics at very high scales

● There are still important observables that are not yet well-tested

NPB 645 (2002) 155

Tim Gershon
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Like-sign	dimuon	asymmetry

Tim Gershon
Flavour Physics

! Semileptonic decays	are	flavour-specific
! B	mesons	are	produced	in	BB	pairs
! Like-sign	leptons	arise	if	one	of	BB	pair	mixes	before	decaying
! If	no	CP	violation	in	mixing	N(++)	=	N(– –)

–
–

Some hints of non-SM effects
Driven by inclusive measurements from D0

Improved measurements needed
SM 
predictions
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Time-Dependent CP Violation in the 
B0–B0 System

–

● For a B meson known to be 1) B0 or 2) B0 at time t=0, 
then at later time t:

 Bphys

0  f CP t ∝ e
− t 1−S sin mt −C cosmt

 Bphys

0  f CP t ∝ e
− t 1S sin mt −C cosmt 

–

S=
2ℑCP 

1∣CP2 ∣
C =

1−∣CP2 ∣
1∣CP2 ∣


CP

=
q

p

A

A

For B0 → J/ψ K
S
, S = sin(2β), C=0

q

p

NPB 193 (1981) 85

here assume ΔΓ negligible – will see full expressions later
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Types	of	CP	violation
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Principle	of	measurement	at		
Asymmetric	B	Factory
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Asymmetric B factory principle
To measure t require B meson to be moving

→ e+e– at threshold with asymmetric collisions (Oddone)

Other possibilities considered

→ fixed target production?

→ hadron collider?

→ e+e– at high energy?

Tim Gershon
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Results	for	the	golden	mode
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BABAR

Results for the golden mode

PRD 79 (2009) 072009

BELLE

PRL 108 (2012) 171802
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Compilation
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Compilation of results

Results on 
previous 

slide

Note LHCb 
also highly 
competitive

Tim Gershon
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