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OUTLINE
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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N Quarks and the Cosmos
% The Opportunities tor Discovery

indersiand _undamental nature of energy, matter,
Snditime, and to apply that knowledge
dérstand the birth, evolution and fate of the universe
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ope is broad and we use many tools: accelerator,
non-accelerator & cosmological observations all
have a critical role to play
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A work a century in the making

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

the neutron in 1932 the particles that compose an atom

Analyze

Boron  maximum ’ ‘
target forward
scatterad N 4 }
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Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CES

design - 1984

construction - 1998
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‘BUlLDlNG AN UNDEéSTANDlNG OF THE UN|VERSE
A WORK A CENTURY IN THE I\/IAKlNG i

Our cOmmum-ty has revolutlonlzed human understanailng of the Unlverse
— its underlymg code, structure ahd evolution’ ' 1 .

'y
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- ‘BUILDING AN UNDE§STANDING OF THE UNIVERSE:

AWORKACENTURYIN THE I\/IAKING |
* PARTICLE STANDARD .

MODEL

ACDM + “SIMPLE” INFLATION




OBUILDING AN UNDEéSTANDING OF THE UNIVERSE

A WORK A CENTURY 1\ THE I\/IAKING

.....that are hlghly predictive and.have
been rigorously tested in 'some dases to

"1 part in.10 billion

Quantity

Mz [GeV]

Tz [GeV]
T'(had) [GeV]
T(inv) [MeV]
T(£7€7) [MeV]
Ohad[nb]

Value

91.1876 £ 0.0021
2.4952 + 0.0023
1.7444 + 0.0020

499.0+ 1.5

83.984 + 0.086
41.541 +0.037
20.804 + 0.050
20.785 4 0.033
20.764 + 0.045

0.21629 =+ 0.00066
0.1721 £ 0.0030

0.0145 + 0.0025
0.0169 £ 0.0013
0.0188 £ 0.0017
0.0992 + 0.0016
0.0707 £ 0.0035

0.0976 & 0.0114

0.2324 £ 0.0012
0.23200 + 0.00076
0.2287 + 0.0032
0.15138 + 0.00216
0.1544 + 0.0060
0.1498 + 0.0049
0.142 4+ 0.015
0.136 +0.015
0.1439 + 0.0043
0.923 £ 0.020
0.670 &+ 0.027
0.895 + 0.091

Standard Model

91.1874 4 0.0021
2.4961 + 0.0010
1.7426 £+ 0.0010

501.69 + 0.06

84.005 £ 0.015
41.477 £ 0.009
20.744 4+ 0.011
20.744 4+ 0.011
20.789 £+ 0.011

0.21576 + 0.00004

0.17227 £ 0.00004

0.01633 & 0.00021

0.1034 =+ 0.0007

0.0739 £ 0.0005

0.1035 £ 0.0007
0.23146 =+ 0.00012

0.1475 £ 0.0010

0.9348 4 0.0001
0.6680 =+ 0.0004
0.9357 & 0.0001

| My [GeV]

Quantity Value

my; [GeV] 1734+ 1.0
80.420 = 0.031
80.376 + 0.033
—0.040 £ 0.015
—0.507 £ 0.014

—0.0403 + 0.0053
—73.20 £ 0.35

—116.4+ 3.6

291.13 + 0.43
(4511.07 £0.77) x 1079

Standard Model

173.5+ 1.0
80.381 +0.014

—0.0398 + 0.0003
—0.5064 + 0.0001
—0.0474 + 0.0005
—73.23 £0.02
—116.88 +0.03
290.75 + 2.51

(4508.70 £ 0.09) x 10~
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‘BUlLDlNG AN UNDEéSTANDlNG OF THE UN|VERSE
A WORK A CENTURY IN THE |V|AK|NG s *

These are ampng the hlghest mtellectual achlevemeMts in the hlﬁory of
our spec:les they will be part of: éur legacy to future generations for eternity
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Mystery: The Higgs

That Spin 0 Boson
Changes Everything

E (entire universe)
hot universe vacuum
empty

B higgs

cold universe vacuum
full of the Higgs Field
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Mystery: Dark Matter

.\
HCPSS20d6 = LsShipsey
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Mystery: Dark Matter

. The ewdence it
Galactlc rotation curves
_hot,gas-in clusters v

the Bullet Cluster,

" Big Bang Nuc}eosynthe&s ;
strong gravitational lensing,
weak gravitational lensing, ¢
SNia,/ ~— . ; |
Cosmﬁc Mlcrowave Background



Mystery: Dark Energy

The evidence
SN1a

BAO in the galaxy distribution
Cosmic Microwave Background

Singularity
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Mystery: Dark Energy

5% Visiblﬂﬁﬁ

25% Dark Matter

— S~

70% Dark Energ)

Singularity What we know: just the
tip of the iceberg.
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/ I\/Iystery how dig ‘matter survive the
' blrth of the umverse? ) . |

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

Matter anti-Matter

. The baryon asymr?etry ofthe Universe




Mystery: What powered cosmic inflation?

Afterglow Light
Pattern
380,000 yrs.

Quan
Fluctuations

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Mystery: Why are there so many types of particles?

FERMIONS* BOSONS
First Second Third ‘ ‘ \ |
10’ Generation Generation Generation W hy d O th e pa rt I C | eS
Top quark Higgs

é have such a large
ﬁ %
< range of masses?

Bottom quark

Charm quark l

Tau Why does the pattern
Mfs""“““‘“’”‘ of particles repeat
three times?

Down quark

’ Up quark

] Why do neutrinos have
10°¢

N A T N S, MassLEsS mass at a” (Iﬂ the

107 BOSONS

won. D Standard Model

neutrino Tau- ) Photon
107* = Electron- J neutring

==t &l they are massless)?
10°% l
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Outstanding Questions in Particle Physics circa 2011

EWSB
O Does the Higgs boson exist?

Dark matter:

O composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

O one type or more ?

O only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:

O primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?
L today: dark energy (why is A so small?) or
gravity modification ?

Quarks and leptons:

O why 3 families ?

0 masses and mixing

L CP violation in the lepton sector

O matter and antimatter asymmetry

O baryon and charged lepton
number violation

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

Neutrinos:
v masses and and their origin
what is the role of H(125) ?
Majorana or Dirac ?
CP violation
additional species = sterile v ?




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

Higgs boson and EWSB

O my natural or fine-tuned ?

- if natural: what new physics/symmetry?
does it regularize the divergent V|V, cross-section
at high M(V,V,) ? Or is there a new dynamics ?
elementary or composite Higgs ?
is it alone or are there other Higgs bosons ?
origin of couplings to fermions
coupling to dark matter ?
does it violate CP ?
cosmological EW phase transition

Quarks and leptons:

O why 3 families ?

0 masses and mixing

L CP violation in the lepton sector

O matter and antimatter asymmetry

O baryon and charged lepton
number violation

Physics at the highest E-scales:
L how is gravity connected with the other forces ?

O do forces unify at high energy ?
Dark matter:

O composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, .. Neutrinos:

O one type or more ? v masses and and their origin
O only gravitational or other interactions ? what is the role of H(125) ?

Majorana or Dirac ?
The two epochs of Universe’s accelerated expansion: CP violation

O primordial: is inflation correct ? additional species > sterile v ?
which (scalar) fields? role of quantum gravity?

L today: dark energy (why is A so small?) or
gravity modification ?




between 1967 - 2012
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PHYSICAL REVIEW LETTERS 20 Noveseasa 1967

Cimenio,
We see immedtately that the electron mass Suiam, 1 5. Weisbery, Py, Rev. 121,
183G, The charged spin-1 field is

W, i) ®

My b ®

The neutral spin-1 fields of defiaite mass are
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The Standard Model Guided Research




No-lose completion of the Standard Model

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

= discoveries
Motivation for the W

E2
>< ~V2GpE?* = = < 161> = E, < 47v %W
()

Motivation for the top quark

b LE

7 /7. 2

E
~V2GpE? = = < 161° = B, < 4mv e
v
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No-lose completion of the Standard Model

Shortcomings of theory of WW scattering

}{ b~ g E/md, < 16n — B, < 4n0 GUaranteed

before the critical energy Ec, new physics discoveries

must enter,

either a new particle which keeps the H o
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
HCPSS2016 -- 1. Shipsey d |SCOV€ I’IES




Perception & understanding
with a roadmap

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

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 Visual cXxamp 16827. g
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Perception & understanding

With a roadmap (theory) w/o a roadmap (data drivéﬁ)

=

I
4 AT oAt
=

2

. \i;i - ’—w—(’v?
e . AR
LENES A

(W,t,H) a little
data goes a long way of data
(top-down dominates) (bottom up dominates)
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We are in a data driven era
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#1 Context

“Measure what is measureable and
make measureable what is not so.” = 8

Galileo Galiliei
1564-1642
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These questions are compelling, difficult and intertwined = require multiple approaches
high-E colliders, neutrino experiments (solar, short/long baseline, reactors

OvBB 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), ...

Main questions and main approaches to address them

High-E
colliders

High-precision
experiments

Neutrino
experiments

Dedicated
searches

Cosmic
surveys

Higgs , EWSB
Neutrinos
: Dark Matter

New particles
and forces
Universe
acceleration

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.




Standard Model is
an effective theory

Draw free-body diagrams and
UELCERNKIRAYELL gl

43



A Dynamic Walking Model

Draw free-body diagrams and

make a SM of walking

collision

But it’s not the actual

physiology of walking!

Extension/
Contraction

44



Credit:Mario Livio

The mass of the Higgs, the ameunt of dark energy anttthe valueseiother
Observables could be vacu\um selectlon effects (our universe mte‘rpreted AS

in terms of the multlverse) but lt,JTs premature'] fo th|nk ]so




Based on an original

Discoveries in particle physics slide by 5.C.C. Ting
Original purpose, Discovery with

Facility Expert Opinion Precision Instrument

P.S. CERN (1960) 7t N interactions Neutral Currents -> Z,W

Two kinds of neutrinos

AGS BNL (1960) it N interactions Time reversal non-symmetry
charm quark

bottom quark

FNAL Batavia (1970) Neutrino Physics top quark

SLAC Spear (1970) ep, QED Part°,:‘:a‘i23,:2“nq“ark
ISR CERN (1980) pp Increasing pp cross section
PETRA DESY (1980) top quark Gluon

Super Kamiokande (2000) Proton Decay Neutrino oscillations

C t fth i
Telescopes (2000) SN Cosmology urva Braerl? ene(—‘;-.;ynlverse

precision instruments are key to discovery
when exploring new territory




The Intensity/Precision Frontier

\_

.
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Heavy Quarks

Charged
Leptons

Fundamental Physics At

THE INTENSITY 4

New Light, Weakly
Coupled Particles

........... : Neutrinos

. captures
.................. . auons and

—auminum target

Nucleons & Atoms Baryon Number Violation

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

e ————— - S
2012 Report ggvlac:c:f accelerator



The Intensity/Precision Frontier

e b
sic?n‘ .

_

i rec LnFmM onnected =
l P e e
of science @ iti 1| | ]
. ¥\l ll"'\l}lll;‘"nuu BT L 11111 y
' 1‘: _ J' ; gA‘ Hi H " Iy - «

CP Asymmetries, .
Quark | Rare decays, LF_\QWIth T  Charged Iepton
Flavor Physics  Distributions 9 Flavor Physics
K’s, Charm, B’s EDM
_ LFV with
New particle v Oscillations
searches OvBB
EDMs Proton Decay
Parity Violatio Neutron

Oscillation




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

HCPSS2016 - I. Shipsey




The power of quantum loops

=% Proton decay

- =% neutring,
- - > |lepton flavor 2
- »_quark flavor
->» EDM
--=-=» dark matter
LHC

102 10* 0% 108 10'° 10'2 [0'* 10'6 10'
experimental reach [GeV]
(with significant simplifying assumptions)




Quark flavor physics

Triumph of the CKM description

* All the flavour changing processes are described by the four
parameters of the CKM mass mixing matrix (A, A, p, M)

Amy & Am,
0.6

s CL >0.95

Y i Am,

NAERRN

05 = sin2

0.4

exciuded an

0.3

0.2

0.1

ay llll;.llllll llllll llllll |

N llllllllllllll'llll[l‘

I

' 1 A 4 A
0.2

0.0

&

0

p
From this plot, we know already either new physics energy
scale 1s >> TeV (far beyond LHC) or the flavour structure of
new physics 1s very special.




he 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 K °>nt*n™ 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(K °—>mn*n™) ~ 2 1073)

HCPSS2016 - I. Shipsey




Flavour physics at the LHC a great success,
with run-1 delivering in all important topics

Observation of B.>puu Precise studies of CPV in the B, system

CMS and LHCb

——Data . HFAG
—— Signal and background
-= Bl—u'u
B wu- ) 68% CL contours
inatorial bkg (A log [_‘, = 1.15)
e leptonic bkg g )
— Peaking bkg.

andidates / (40 MeV/?)

~
U

ATLAS 192 fb~"

5800
m,. - [MeV/c?]

Great steps forward in knowledge
of unitarity triangle angley (¢3)

LHCb

 LHCb

i Preliminary

- '§+',",I
7097

95.5%

0.5
Aep(mn’)[%]
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But some intriguing anomalies have emerged
from LHC-b and the B-factories

Anomalous behaviour

In b->sl+l- observables Hints of lepton universality

violation in B=>Dlv ...
B’>K'uu  Ps’ vs g®

—— Belle Combination
—— Babar
LHCh

—— World Combination

+  SM prediction: PRD92 054410 (2015), PRD&5 094025 (2012)

ICHEP 2016 Preliminary

LHCb g o
SM from DHMV WA And longstanding inconsistency

In exclusive vs inclusive V, and
V,, determinations.

025 03 035 04 045 05

V., inclusive

15
¢ [GeV¥/c]

B> duu ...and in B>KI*I
S
differential BR vs g2

-e-LHCb -m-BaBar -a—Belle

LHCb 36 ; -‘
SM pred. - |\"r¢b| X 10;

S = N W NI 0 O

dB(B’—¢uu)/dg? [10°GeV=2c4

The quest for indirect discovery of new phvgi%%s%gh%i?éét}igff’é(rns of deviations to exist




Physics Reach Belle Il & LHCb upgrade

KEKB to SuperKEKB (77));

L@-—— p Belle |1
— —-_m New IR

Colliding bunches

New beam pipe New superconducting
& Del\o:\:s kR . \ /permanent final focusing
‘j quads near the IP

Replace short dipoles
with longer ones (LER)

F.M%‘:‘FH:IH Low emittance
posnrons to inject

Damping ring

Add / modify RF systems |
for higher beam current =

Pns\trnn source

Redesign the lattices of HER &

F New positron target /
LER to squeeze the emittance

ca plLIfB SECT.IDI'I

TiN-coated beam pipe
with antechambers

Lc\o\. emittance gun
Low emittance
electrons to inject

To obtain x40 h/gher luminosity

Observable

Expected th.

accuracy

Expected exp.

uncertainty

Facility

CKM matrix
\Vis| [K — miv]
\Va| [B — X v
Vas| [Ba — "f”|
sin(2¢, ) [ceK2

l'JJ

tv_"l 9

K -fact ory

("])\.'

S(B. wah)
S(B. dd)
S(B; —= oK)
S(Bs; — n'K)
S(B; — K*(— K27%)9))
S(B. — ¢))
S(Bg — o))

d
~'1‘s'l
Ay
Acp(By — s7v)

rare decays

B(B — 1v)

B(B — Dtv)

B(B; — pv)

B(B, — up)

zero of App(B — K*uu)
B(B —» K™vw)

B(B — s7v)

B(B, = )

B(K — mvv)

B(K — emv)/B(K — pmv)

LHCbH
LHCb

(with 5 ab™!

K -factory
K -factory

charm and 7
B(t — i)
la/plp
arg(q/p)p
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New generation of Kaon experiments

—~
12
2
o
(S
-
X
~—
o
m
X
o
—
o
—

Rty |
O(1) SM K, = n® vv events
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New generation of muon experiments (cLFV)

YT CT s s———
CLEOw¥ YT ouuy

ARGUS W
‘DELPHI Wy

VT Uy

v v ‘BaBar
vvw :Belle
; : Eb o :
‘ : % - S
| ® uN—>eN : ° oo P ,
. ey : ML LR S o
TRIUMFg " "¢ 'm0 MEGA
- e MEG (2016).....

o

o u —eee |

oK, —mue

b —
£
-
| -
(O]
Q.
o
o
C
S
r—
O
©
—
L
(@)]
£
z
O
C
)
-
o

JaK'> e

o K[' — Tue

i . i . | i i

1950 1960 1970 1980 1990 2000

Pion Capture Solenoid

-

Electron Spectrometer

- Aiming O(10-7) sensitivity

- 10,000 times better than the current limit
+ C-shaped p- transport solenoid

+ For suppress beam BG
- Additional C-shaped e- spectrometer

+ Suppress DIO+beam BG Y.Fuiii CLFV2016
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gTheory: 12,672 Feynman Diagrams

$2.00231930436356 + 0.00000000000154

Experiment construction on schedule s

£ —
and on budget. 5 cenN- _(g—2)

§ 10° Ay = 2

§ CERN-II
Improved experimental design. a 10? Measuring deviations from

Pure Dirac prediction
10 CERN-III
Improved simulaton. 1
BNL
10 1 FNAL

Aims to reduce error from 0.2ppm to
1960 1970 1980 1990 2000 2010 2020

0.07ppm.
2‘(‘)1;1:‘2015: 2616: 2017: 2618 ‘2019 2020 2021 JS \"-4“
[
| 360 <:I\>
DHMZ —-
.
L HLMNT .
e N B |
-600 -400 -200 0

a -a (BNL) 53




What is flavor physics?

Flavour (particle physics)

From Wikipedia, the free encyclopedia

In particle physics, flavour or flavor is a quantum number of elementary particles. In
quantum chromodynamics, flavour is a global symmetry. In the electroweak theory, on the
other hand, this symmetry is broken, and flavour-changing processes exist, such as quark
decay or neutrino oscillations.
Flavour in particle physics

Flavour quantum numbers:

M * ? e Baryon number: B
at I S I n a n a I I I e e Lepton number: L
* e Strangeness: S
Charm: C
Bottomness: 8'
Topness: T

“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 + percharas: v
has both color and flavor so do quarks.” . V=(B+S+C+E+T)
e ¥Y=2(Q-13)

RMP 81 (2009) 1 887 e Weak hypercharge: Yw
e Yw=2(Q-T3)
e X+2Yyw=5(B-1)

isospin:Tor T3

L ]

L ]

®

e |sospin:loris
o« W

o ge: Q
. .

Combinations:

Flavour mixing

e CKM matrix
HCPSS2016 -- |. Shipsey e PMNS matrix

e Flavour complementarity




Whatis in @ name?
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NeNellp

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

masses almost identical
coupling to the strong interaction identical

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

p: (1) = (Yo +¥%2) N (1) = (¥; —%)

Later extended to other particles
pions form an isospin triplet m°~: (I; IZ) =(1; +1,0,-1)

HCPSS2016 - I. Shipsey




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

D

successful because m ~m, & m ,m_ < /\QC

HCPSS2016 - I. Shipsey




The flavor puzzle

Fermions Bosons
(“matter”) (“forces”)
Quarks 9999999
uu, ccc it Y
ddd - sss 0b >><{ MATTER } E
L eptons ANTIMATTER P
e nw T
Ve I/H, VTt )

Why are there so many particles?

HCPSS2016 - I. Shipsey




Flavor Physics & Parameters of the Standard Model

« 3 gauge couplings
» 2 Higgs parameters

* 6 quark masses

* 3 quark mixing angles + 1 phase

e 3 (+3) lepton masses

* (3 lepton mixing angles + 1 phase
b

() = with Dirac neutrino masses

SH3I1 NV
JdNOAV 14
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Flavor (broadly defined) is a big over-arching challenge of
particle physics for the first half of this century

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

W
W
W

nat are the scales associated with this dynamics?
nat are the symmetries and symmetry breakings?

nat 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
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What is the underlying dynamics of flavor?

PERIODIC TABLE OF THE ELEMENTS

A Alkali metals @ Metalloids Lanthanides A IVA

4 Alkaline earth metals Nonmetals Actinides 6
Be @ Transition metals @ Halogens C
9.0122 Post-transition metals @ Noble gases 12,011 14,007

12 13

1B ||B 26982
31
35.39 69.723
49

112.41 11482 11871

81 82 84

TI Pb Bi Po

) 13733 20059 20438 2072 20898 (209)
87 89-103 112 114
a Ac-Lr Uub Uuq
(223) (285) (289)

67 m

La Ce Pr Nd Pm Sm Eu Gd Tb Dg Ho Er Tm Yb Lu

138.91  140.12 14091 14424 (145) 15036 151.96 157.25 158.93 162 16493 167.26 16893 173.04 174.97

94 95 96 97 98 99 100 101 102 103

Ac Th Pa U Ng Pu AmMCm Bk Cf Es Fm Md No Lr

(227) 23204 231.04 23803 (23 (244)  (243)  (247)  (247)  (251)  (252)  (257)  (258)  (259)  (262)

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




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

. Focuson
— 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
l. 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)
HCPSS2016 -- I. Shipsey 68




In a nutshell
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N. Cabibbo M.Kobayashi T.Maskawa

Amplitudes and Phases in
the Weak Interaction

[ - %)\2 \ AN (p — m)\
V= -\ 1 - %)\2 AN
\AN(1—p—in) —A)N? 1 /

L. Wolfenstein



Three Angles: (¢,,@-,@5) or (B, a, y)

Unitarity implies that the
weak couplings and phases
form a triangle in the
complex plane.

Vrd Vr};

Big Questions: Are determinations of angles consistent with
determinations of the sides of the triangle ? Are angle
determinations from loop and tree decays consistent ?
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Time-dependent CP violation is
“A Double-Slit experiment” with particles and antiparticles

QM interference between two diagrams
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Measures the phase of V,,or equivalently the phase of
B,—anti B; mixing.
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Time-dependent CP violation is
“A Double-Slit experiment” with particles and antiparticles

QM interference between two diagrams

box diagram + tree diagram

th

tree diagram

Ky
J/y

th

Measures the phase of V,,or equivalently the phase of
B,—anti B; mixing.
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In more detail
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Perspective on the b quark

loop processes

. Mass: The b quark 1s the heaviest quark that forms hadronic
bound states. mp=5.28 GeV

. Lifetime: It must decay outside of its own quark generation =
decay is suppressed =2 relatively long lifetime (1.6 ps)

. Decay modes: b-> ¢ decay 1s dominant; large mass—> many
accessible final states. Many processes: trees, loops, oscillations.

CP violation: Cabibbo-Kobayashi-Maskawa matrix = very large
CP asymmetries in some B decays.
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Muon Decay:

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

g

Very strong dependence of decay rate on mass!

2 5

['= Fm‘; (1-8x+8x"—x*—12x"Inx)
1927

(ignoring QED radiative corrections)
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Reminder: vertex factors for W-mediated quark
transitions

= (11 _ —
q,(—%) gV, q,;(+3) qj(+%) gv, q.(—%)

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




B-quark ideal, B-meson reality
Underlying weak process is substantially affected by an overlay
of strong interactions. g

CKM matrix element \
b gV,

AV 7

Initial system i1s

bound state: Exchange of gluons is between daughter

b-quark 1s not at quark and spectator quark to form the final
rest in B frame. state meson.




Weak Transitions in B Decay

Tree: external spectator U
Md Hadronic decay:
:> - External spectator diagram
1

- b=>c is dominant

c,u
67 - Upper vertex can also produce

us,cs,cd

=e U ,T

_ Semileptonic decay:
/4 1 -Charge of lepton is correlated

. w/charge of b (b) quark
o g (0) q

-Largest B branching fraction
67 -Strong interactions do not affect
upper vertex particles!
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Weak Transitions in B Decay

Tree: internal spectator
C Hadronic decay:
- “Internal” spectator diagram
- Color suppressed
- In BY decays, can interfere
with ext. spectator diagram.

Hadronic decay:

- Gluonic penguin diagram

- Many such modes have now
been observed!

- Loop diagrams are
suppressed in SM—> good
place to search for new
physics amplitudes.
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Weak Transitions in B Decay

Loop: radiative penguin Loop: electroweak penguin

Y
s,d Y.<

N

b

L. Ty oo

b
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Weak transitions underlying B° B? oscillations
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Prior expectation: ~1014s

Mass dependence of weak decay rates
(correcting for CKM elements)

= Decay Fiate/|Vij|2 vs. Particle Mass

"0
g
©
1|

Decay
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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, 7}

Lederman’s team find a
resonance at 9.5 GeV

decaying to pairs of muons.
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Radial excitations

25 L B L rrrrrrrrr LN BN AN SN RN R
= [N Y (nS)=>bb
& 20 i ;!'. -
R
g8 [ i
il -
N
1 10 * !, o i
+$ 1{ '." + ,;’ *‘ 0.-’
= 3 ‘ ¢ ¥y :
() i + b4 Yo Tosmy tataragyy ..o.v“"n 4.{_ ~_>

- Y(1S) Y(2S) T(3S) Y(4S)
0...1...l...l.....l.....l....l.......l.......l.
944 946 10.0010.02 1034 1037 10.54 10.58 10.62

Mass (GeV/c')

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)

GREETINGS
FROM

CESR
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B production at the Y(4S)

Production of B mesons in ete" collisions

mp = 5.28 GeV | strong J weak 4
my, = 4.6 GeV ‘ ; 10_23 S‘

7(B); 1.6x107" s
e'e” —> ¥ —> bh — Y(4S)—> B"(bd)B'(bd) B’ (bu)B (bit)
e'e” >y > ui,dd,ss,cc,bb,e’e 1y, v
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The Power of Production at threshold

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 !

vy _ *2 k2
Mbe = \/Ebeam pB ’

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

AE = Erec o Ebeam
Much of the background can be removed

BaBar’s definition of mg is slightly different



The Power of Production at threshold

Beam energy-substituted mass Energy difference

AE=E,-E,

beam

BB events

qq events
(g=u,d,s,c)

y 1 ] 1 ] 1 ] ] ] 1 1 ] 1 ]
;.E 521 522 523 524 525 536 527 528 529 5.3 €15 €1 HOO05 0 0ps 01 015 02

* ete CM frame mES Mes (GoV) AE AE (GeV)
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Events/5 MeV

CLEO discovery of B meson

Events /(2 McV/cz)

%

Events/(5 McV/cz)
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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.

Bill Ford John Jaros Nigel Lockyer

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
~ Bx proton mass

Lifetime ~ 1.5ps

An electron and positron

{(antielectron) colliding at high energy ca
annihilate to preduce B® and B mesons

via a virtual Z boson or a virtual photon.

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




Produce matter-antimatter R i i Courtesy: D . MacFarlane
pairs in ARGUS at DESY

By the time of decay

Matter-Antimatter oscillations! ’,, ) ‘

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.
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Origin and implications of the long B lifetime

All B decays are CKM suppressed, with b= ¢ decays dominant

Coc G2V, me uls 004 [ 5 1.6x107

ct, =(3%10° ms")(1.6x107" 5)=0.48 mm

How far will B mesons travel before decaying?

* The factor By=0.0646 at the Y(4S)
* Average decay length is only ~29um
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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 15t Generation Asymmetric

B Factories

PEPII at SLAC KEKB at KEK
9.0GeV e on3lGeVe' 8.0 GeV e on 3.5 GeV ¢e°

PEP-I1I
Rings ™

Positrons

Low Energy Ring

BABAR Detector

I
o
Sl = ul
(—5' NIKKO Area 8
O ~
= |l e S
i




The 15t Generation Asymmetric B Factories
World record luminosities (2)

~10%

Peak Luminiosity trends in iast 40 years KLKB

-2 -1
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Integrated Luminosity [fb™]

500

400

300

200

100

The 15t Generation Asymmetric

B Factories

As of 2008/04/09 00:00
WKI27ZT 140!

Offtine+Online Luminosity (ph™) (/day)

Bl orivsoRamcs, B sffresensace, B cnargy seaa
L T T T

1 T 1

BaBar

PEP Il Delivered Luminosity: 553.48/fb
BaBar Recorded Luminosity: 531.43/1b
BaBar Recorded Y(4s): 432.89/1b
BaBar Recorded Y(3s): 30.23/1t
BaBar Recorded Y(2s): 14.45/t

Off Peak Lumingsity: 53.85/fb

14~

Offiine\ Ontine Luminasity (pb | éiday)

IIIIIII]IIIIII

3000
2000 -
1000 -

Integrated Luminosity (ph ]

h — =T
Ji16:1999 2200 5212004 2629

Belle log total : 895011 pb™

12082000

Date

Tt AAID

pubiaf or LS8 I Ruked - F167 Radsd25 DELLE LEVEL hamfe 811 Lol ¢

o Q
av N &
o N

~ 433/fb on Y(4S)

@ Q

& $
P 0y 03

~ 711/fb on Y(4S)

Total over 10° BB pairs recorded 36
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The 15t Generation Asymmetric

B Factories

BaBar Detector

1.5 T solenoid

Belle Detector

EMC

6580 CsI(T1) crystals SC solenmd T .. Aerogel Cherenkov cnt.

C se ey ' ;;;;\:X;;\ n=1.015~1.030

DIRC (PID)
144 quartz bars
11000 PMs

‘ deﬁirL1 Drift Chamber

8 GeV e fas
Drift Chamber i Nﬁ’aﬂ cell +He/C,H,
40 stereo layers ( G

Si vtx. det. .
- 3 lyr. DSSD U / K, detection
- 4 lyr. since summer 2003 14/15 lyr. RPC+Fe

Silicon Vertex Tracker

Instrumented Flux Return 5 layers, double sided strips

iron/ RPCs (muon / neutral hadrons)

2/6 replaced by LST in 2004

Rest of replacement in 2006 LHCb & Super—KEKB/Belle [l
will be introduced later in the talk
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2008:

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-°) as

in the kaon system.
102




Nobel Prizes from Surprising Discoveries about

Weak Interactions of Quarks

Maximal P
violation

" : Small CP
| » . .
- violation

O(1) CP
violation
and 3

1 generations

HEPS52GE5 o 1. 281pselrs

M. Kobayashi T. Maskawa £ Al(ps)




Are we done ? (Didn’t the B factories accomplish their
mission, recognized by the 2008 Nobel Prize in Physics ?)

HAPYWEHME ¢P-HHBAPMAHTHOCTH, C-ACHMMETPHA BAU: KM (Kobayashi-Maskawa) mechanism still

A ACHMMETPUA BCEJEHHOU i
B DATHOHAR A% short by 10 orders of magnitude !!!
A.A.Cazapoe

Teopua pacmupomefcs BeesennoR, NPeAROSErOEAR CREPXAOTIOS NA-

pecRommecaoro pasAsenka BemecTad  aKTis = suecial B Lldayer . Shipsey 104




Discovery of antimatter

e Dirac relativistic wave equation
(1928): extra, ‘“negative-energy”’
solutions. Positron interpretation
confirmed by Anderson.

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

e et
p(udu) — p(udu)

v =

v — v (=v7?)

e Supersymmetry: doubles the ® E Pb: 6 mm

thick

_ \ = P.A.M. Dirac, Proc. Roy. Soc. (London), A117, 610 (1928);
€ & ibid., A118, 351 (1928).
C.D. Anderson Phys Rev. 43, 491 (1933).

number of particles again!




Parity Violation

The 6 — T puzzle:
* two strange charged particles discovered

- the “©” decaying to m'm’

- the “1” decaying to ' 1"

e parities of 21 and 31T are opposite, but masses and
lifetimes of © & T 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)

O & T are the same particle: “ K*”
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P and C violation 1n polarized muon decay

=) —spin direction
- = momentum
direction

- vV
<€_ -‘-i
-0
uo Vi

Allowed Not Allowed Allowed
(F1) (F2 = O) (F3 = Fl)

P and C are individually violated maximally in the weak interactions,
but combined CP is a good symmetry . for most weak processes!
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Discovery of CP violation

e CP violation at a tiny level (10-%) was first discovered in 1964 in
the decays of neutral kaons (mesons with strange quarks).

B(K) > 77 )=(2.0+04)x10° 7n.,(r'7",L=0)=+1
e Demonstrated that X, © is not an eigenstate of CP: [H,CP]#0

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 1s
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.”

For a fascinating historical perspective on the discovery of CP violation,
see J. Cronin @ 50 years of CP violation
https://indice.phigmublacatk/indico/conferenceDisplay.py?confid=15




Experimental Proposal (1963)

PROPOSAL FOR KOZ»DECAY AND INTERACTION EXPERIMENT

J. W. Cronin, V. :-L. Fitch, R. Turlay
(April 10, 1963)

I. INTRODUCTION

The present proposal was largely stimulated by the recent anomalous

results of Adair et al., on the coherent regeneration of K°. mesons. It

1

is the purpose of this experiment to check these results with a precision

far transcending that attained in the previous experiment. Other results

to be obtained will be a new and much better limit for the partial rate

+ -
of K02 > 7 + 7 , a new limit for the presence (or absence) of neutral

+ —
currents as observed through K, + ¢ + u . In addition, if time permits,

2

the coherent regeneration of Kl's in dense materials can be observed
with good accuracy.
II. EXPERIMENTAL APPARATUS

Fortuitously the equipment of this experiment already exists in

operating condition. We propose to use the present 30° neutral beam at
the A.G.S. along with the di-pion detector and hydrogen target currently
being used by Cronin, et al. at the Cosmotron. We further propose that
this experiment be done during the forthcoming p—p scattering experiment
on a paragitic basis.

The di-pion apparatus appears ideal for the experiment. The energy
resolution is better than 4 Mev in the m* or the Q value measurement.
The origin of the decay can be located to better than 0.1 inches. The 4
Mev resolution is to be compared with the 20 Mev in the Adair bubble
chamber. Indeed it 1s through the greatly improved resolution (coupled
with better statistics) that one can expect to get improved limits on

the partial decay rates mentioned above.

IIT. COUNTING RATES

We have made careful Monte Caglo calculations of the counting rates
expected. For example, using the 30% beam with the detector 60-ft. from
the A.G.S. target we could expect 0;6 decay events per 10ll circulating

protons if the K, went entirely to two pions. This means that one can

2

set a limit of about one in a thousand for the partial rate of K2 > 27

in one hour of operation. The actual limit is set, of course, by the

number of three~body X, decays that look like two-body decays. We have

2

not as yet made detailed calculations of this. However, it is certain-

that the excellent resolution of the apparatus will greatly assist in
arriving at a much better limit.
If the experiment of Adair, et al. is correct the rate of coherently

regenerated K. 's in hydrogen will be approximately 80/hour. This is to

1
be compared with a total of 20 events in the original experiment. The
apparatus has enough angular acceptance to detect incoherently produced
Kiws with uniform efficiency to beyond 15°. We emphasize the advantage
of being able to remove the regenerating material (e.g., hydrogen) from
the neutral beam.

IV. POWER REQUIREMENTS

The power requirements for the experiment are extraordinarily modest.

We must power one 18-in. x 36-in. magnet for sweeping the beam of charged
particles. The two magnets in the di-pion spectrometer are operated in

series and use a total of 20 kw.
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Cosmology: Sakharov’s three conditions

A. Sakharov (1967): How to generate an asymmetry
between N(baryons) and N(anti-baryons) in the universe
(assuming equal numbers 1nitially)?

1. Baryon-number-violating process

2. Both C and CP violation

3. Departure from thermal equilibrium

bar N anti-bar

(N Joc Y T(X > Y)-T(X > Y,)|-AB,

]

AN,/N = (N(baryon) — N(antibaryon))/N_~ 10710

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




Digression?: 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 ol T
. Best prospect: Anti-*He nuclei e
. Searches ongoing ... LF T ean
....... PAMELA (2004-2006) ______
1 gidity (Gv)




Searches for astrophysical antimatter

Alpha Magnetic Spectrometer Experiment Payload for AntiMatter Exploration and
on board the International Space Station Light-nuclei Astrophysics Experiment
— on board the Resurs-DK1 satellite

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

We can estimate the magnitude of the baryon asymmetry
of the Universe caused by KM CP violation

ng—ng ng JXP,XP, ,
—_— e~ = - N.B. Vanishes for degenerate masses

n n, M

J = cos(0,,)cos(0,,)cos”(0,,}sin{0,,)sin(0,,)sin( 0 ,)sin{d )
P, =(m,—m_)(m,—m)(m,—m)

P,=(m,—m_)(m,—m})(m.—m),)

PRL 55 (1985) 1039
The Jarlskog parameter J is a parametrization invariant

measure of CP violation in the quark sector: J ~ O(10™)

The mass scale M can be taken to be the electroweak
scale O(100 GeV)

This gives an asymmetry O(10~)
- much much below the observed value of O(10™*°
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More CP Violation needed

* 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
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CP violation and aliens from outer space

We can use our knowledge of CP violation to determine whether

alien civilizations are made of matter or antimatter without having
to touch them.

I'B"—>Krz)-T(B">K'n")
Ffl?o > K 7))+ Fﬁ?o > K'77)’
bd id) K

A -

We have these inside of us.

-8%:

cP —
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How are CP violating asymmetries produced?

The Standard Model predicts that, if CP violation occurs, 1t must
occur through specific kinds of quantum interference effects..

source | 4 m

a

1
W

Double-slit experiment: if the final
state does not distinguish between
the paths, then the amplitudes 4,

and A, interfere!
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Two amplitudes with a CP-violating relative phase

e Suppose a decay can occur through two processes, with
amplitudes 4, and 4,. Let A, have a CP-violating phase

P,
A — A1 ‘|'A2 6i¢2

A=A +A,e™

No CP asymmetry!
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Two amplitudes with CP-conserving &
CP-violating phases

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

A:A1+A26i(¢2+52)

A A1‘|‘A26 —@2+02)

e Now have a CP asymmetry
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Three Kinds of CP Violation

We have seen that CP violation arises as an interference effect.
* Need at least two 1nterfering amplitudes
* Need relative CP-violating phase
» Need relative CP-conserving phase

A single CP-violating amplitude will not produce observable
CP violation!
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What breaks the flavor symmetry ?

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 =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
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What causes the difference between
matter and anti-matter?

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

Var = U, g;

U matrices from diagonalisation of mass matrices
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Quark mixing formalism

m Lagrangian for charged current interactions is

Lee = ——=JEW + hec.,

V2

o Where er dr
e = (Weo Uy, U7) Y*"Vuns | pr | + (Gz, e, to)v"Vern | s
I bL

m Consider the charm quark. It forms a
2nd generation doublet with the strange (u ) ¢ )
a‘JU

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

cosf. sin6, [ d vV, o l d } \! L

—sinf. cos6, S S 6.=13°

where the s’ couples:to.Cc




What causes the difference between
matter and anti-matter?

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

Veanw = U, U:ir

U matrices from diagonalisation of mass matrices

* |tis 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
e CP violation
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CKM Matrix

The CKM matrix and its mysterious pattern

(Wolfenstein parametrization

I/us I/ub /1 Aﬂ}(p T ”7)
V., V. — %ﬂ,z AQ? + 0(14)
V.V, AV (- p—in) —AA° 1
(0.97 0.23 | 0.004

-0.23 097, 0.04 (magnitudes only)
0.004 -0.04 1)

* The SM offers no explanation for this numerical pattern.
e But SM framework is highly predictive:
O Unitarity triangle: (Col 1)(Col 3)* =0 etc.
] Only 4 independent parameters: A, A, p, N
(1 One independent CP-violating phase parameter
HCPSS2016 -- 1. Shipsey




Range of CKM Phenomena
nuclear transitions
piontdeca)t/s CPIBETA)

dispersion relations kaons NA48, KTeV, KLOE, ISTRA

hyperon decays
hadronic matrix elements tau decays < CHORUS >
neutrino interactions
chiral perturbation theory charm KEDR, FOCUS, CLEO, BES

lattice QCD BABAR, BELLE, @

bottom
flavour symmetries <’ Ty
ALEPH, DELPHI, L3'_Of_é-|:-/

heavy quark effective theories W decays
_ CDF, DO, ATLA@
operator product expansion
top

perturbative QCD
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Area ~V/?2

Why these values? Are the two related? Are they related to masses?
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CKM Matrix: Simplified picture

Magnitudes of CKM elements Largest phases in the Wolfenstein
b parametrization

[ 1 1 e-iV\

1 1
1

J

Note: all terms 1n the inner product between columns 1 and 3 are
of order A3. This produces a unitarity triangle of roughly equal sides.
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Unitarity Triangles

Unitarity (Col 1)(Col 3)* =0
[Column i][Column j]*=0 Via Vip
[Row i][Row j]*=0 |

VYV +V. V. +V V. =0 v v

*

Vuqub 4+ Vchda 4 V th 0 Oyerall orientation qf the
triangle has no physical

VV -I—V V -I-V t* =0 significance.

us’ ub

OA)+0(A)+ 0(15) =0 Fat unitarity triangle
; 3 3 =>»large angles
O(47)+0(1")+0(47) =0 > large CP asymmetry

0(14) n 0(12) N 0(12) — 0 But only certain decays

have interfering amps!
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Consider two complex numbers z, and z,.

— i0)

j z /‘Z ‘_ 1(92 )

Z:Z e’ Z/‘Z‘
VV;‘
vy,
VV’;j

V.V
V.V
V.V,

p = arg

-
(
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The Unitarity Triangle

VWV%+VmVé+VmV;:O

imaginary ( r_])
Vig Vip Vg Vg V.4V
I o=arng - - "2 p=arg |- = C'b y=armg |- - U.b
I L I I I I B B I I . VUd vUb th VID de va
- Three complex numbers add to zero vy v
. . . ! d *ub
= triangle in Argand plane ° A s | v‘d v“f
. . . . . . . . . . . . . . . . . Cd Cb

Axes are p and n where

P+ v

» feal (

|

1— A2M(p 4+ im) (0,0) (1,0)
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Standard Model predicts that ALL measurements of W-mediated
quark processes must be consistent with the CKM framework.

B' (B> p'p, pr, n'7

. B°B° oscillation rate

ViV

B°(B")— J/yK,

V.V, 4 B> X17

* Angles of triangle: measure from CP asymmetries in B decay
» Sides of triangle: measure rates for b>ulv, B°B? mixing
* Other constraints in p,n plane from CP violation in K decay




CKM constraints on unitarity plane

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

(lllustration shown assumes no
experimental or theoretical

uncertainties)

EPJC 41 (2005) 1

siny

‘ K*—>n*vv
/) 7 Am, |
(%

=

X

Area of (all of) the Unitarity Triangle(s) is given by the Jarlskog invariant
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Study processes in which there
source can be extra amplitudes arising
from new physics (NP).

Must be sure that all SM
amplitudes are fully understood.

A, from physics at high mass scales 1s small

—> want to use processes in which 4 , are small

Hope to find a departure from the expected (SM) pattern of
CP-violating asymmetries! SM




It history is our guide

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
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The GIM Mechanism

K'—p'v & rrOp*vp so why not K° — p'u & mPp*p ?

 GIM (Glashow, lliopoulos, Maiani) mechanism (1970)
no tree level flavour changing neutral currents
suppression of FCNC via loops

* Requires that quarks come in pairs (predicting charm)

A= VusVud>|< f(mu/ rnW) + VcsVCd>k f(mc/ I’nW) ° d
2X2 unitarity: V.V "+ V V_"=0 N
m,m<m_ .. f(mu/mw) ~ f(mc/mw) SCA~0 8 vz
kaon mixing = predict m_ A S
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Neutral meson oscillations

* We have flavour eigenstates M° and M°
- M° can be K° (sd), D° (cu), B ° (bd) or B_° (bs) i

- These can mix into each other = ® * v =
- via short-distance or Iong _distance processes

* Time-dependent Schrodlnger eqn. > > <

M|_ M
M M

=H M——F
2

- H is Hamiltonian; M and I are 2x2 Hermitian matrices

e CPT theorem:M =M &I =T
11 22 11 22
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Solving the Schrodinger equation

* Physical states: eigenstates of effective Hamiltonian

p & g complex coefficients

— 0_|_ \ 10 .
—_— I that satisf 2 2=1
M ] pM qM at satisfy |p|* + |q|

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

- CP conserved if physical states = CP eigenstates (|g/p| =1)
* Eigenvalues
A =m =il =M =%l )£ (a/p)M_ —*il )

S,L S,L
Am=m—m AF=FS—FL
(Am)? — L4(Al)? |M |2 + 1A;|F12|2)
AMAT = 4Re(M12I'12*)

(@/pP = (M, " —%il, ")/(M,_ — il )
N



Simple picture of mixing parameters

 Am: value depends on rate of mixing diagram

- together with various other constants ...
2 B wi iw B
Gy 2 ﬂ 2 A 2 2 3 3 °
Amy=——=myn,S(x)mg fg B |[V,[ |Vl $ 2
6TT d § —Linins t .......... b
- that can be made to cancel in ratios A H- v |
. 2 B
remaining factors can be obtained A _
from lattice QCD calculations 5 f [:. L4

Al value depends on widths of decays mto common flnal
states (CP-eigenstates)
- large for K, small for D° & B
gp=1if arg(F12/M12) =0 (la/p|=1ifM_ << F ,OorM__>> F

E — —_—
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Simple picture of mixing parameters

Am
(x=Am/I')

Al

(v=AI/(2I')))

lq/p
(ag~1—|q/p

%)

large
~ 500
small
(0.63+0.19)%
medium
0.770 + 0.008
large

26.49+0.29

~ maximal
~ |
small
(0.754+0.12)%

small
0.008 +0.009

medium
0.075+0.010

small
(3.324+0.06) x 10
small

+0.19
S
0.52 _024

small
0.0003+0.0021

small
—0.0109 £ 0.0040

L

N

well-measured only
recently (see later)

More precise
measurements needed
(SM prediction well known)
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Constraints on NP from mixing

All measurements of Am & Al consistent with SM
- K° D° BdO and BSO

oy i
g

: aF—a  GEME . 8 = e 9 M2,
This means [A | <|A_ | where A==~ SE5 (iv)* x (@ Qus 1) x F (25 )

b 1

Express NP as perturbation to the SM Lagrangian
;lgr.:"] () |
- couplings ¢ and scale A>m_ Lot = Lsm+ ) | <oy O;" (SM fields)

For example, SM like (left-handed) operators ac* = =3 4@, 0r)
i#j

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im

Ann ReV NUCI Part SC| (5p~y*dr)? 9.8 x 102 1.6 x 104 0.0x 107 3.4 x 1077
60 (2010) 355 (srdp)(5Ldgr)| 1.8 x 104 3.2 x 10° 6.9x107° 2.6 x 10~
arXiv:1002.0900 (ep~v*urp)? 1.2 x10° 2.9 x 10° 56 <107 1.0 x 10-7

(erur)(crur)] 6.2 x 10* 1.5 x 104 5.7 x 107" 1.1 x 10~%

(bp.A*dr)? | 5.1 x 10? 0.3 x 10 33x10°° 1.0 x 10~°

(bpdp)(brdr)| 1.9 x 103 3.6 x 10° 56 x 107 1.7 x 10—7

(bry*srp)? 1.1 x 102 7.6 x 10—5

(bpsp)(brsg) 37 <102 1.3 x 10-°




Constraints on NP from mixing

107 |
10° |
10°

10

Operator |Bounds on A in TeV (¢;; = 1)

Im

Re

Bounds on ¢;; (A =1 TeV)| Observables

Im

[ = g y2
\sroyrdar)

Ann.Rev.Nucl.Part.Sci.

(5pdp)(5LdR)

9.8 x 1072

1.8 < 104

1.6 x 104

3.2 x 10°

00 x10"7

6.9 x 10—

3.4 x 107

2.6 x 1011

-‘A”-'I\'  EK
AH.‘[\’ L EK

60 (2010) 355
arXiv:1002.0900

(ep~Hur,) 2

(Cpup)lcrup)

1.2 x 10°

6.2 x 10°

2.9 x 102

1.5 x 104

56 x 107

5.7 %1078

1.0 x 10-7

1.1 x 10%

Amp: |g/p|.¢D

Amp: |g/p|.¢D

(brdL)(brLdR)

2

(bpy*dL)?

5.1 x 102

1.9 x 10°

0.3 x 10%

3.6 x 10°

3.3 % 107"

56 x10-7

1.0 x 10~°
1.7 x 10—7

A"”BJZ SvKs

Amp,: Suke

':"—’}?‘\'L :ll:."_l[‘.\R‘:l

(br~Hsr )2
\“L SL)

1.1 x 102
3.7 x 102

7.6 x 10-°

1.3 x 10-°

Amp,
Amp,

10° -

k0 _70

<

AlTeV] Q) +ii[g,T4¢;] ® [T Bq;]
10°

J ~ CXI_)( ’:(,f‘)j’\"v }))

B() _E()

B.\'—ﬁx

W T T T

L I B L Y

T T

x0_70

Cre . .
crv

pY-pY

BV-BY  Bg=B;



Similar story in pictures

including more inputs (& more up-to-date)

IIIIII Ilillllllllllll i_l T T T T IIII]IIII

excluded area has CL > 0.68 ' excluded area has CL > 0.68

As & ag(B)&a (B)-
AT, & 75 &1, (K'K) & Tyt

| | 1 1 1 I | |

SM point

1

-
—
-
-

- Ag & ag B &ag(BY

o Em NP in B, mixing - with A_

Summeri4

P T T

e NP in B, mixing - with A_

Summerid

T T I | I B I T T7 ] T T T ] LI B | ' L=t

[ I | I 11 1 1 l | S S | I L1 1 1 I 1 1 1 1 l_ | I I | l 1

0 1 2 3 -2

Re Aq

arXiv:1501.05013
Phys.Rev. D91 (2015) 073007
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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? NP 88 (E002) 155
 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
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Like-sign dimuon asymmetry

. 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(—-)

« Inclusive measurement - contributions from both B d° and Bs°

- relative contributions from production rates, mixing probabilities & SL decay rates

2102
o D, 104 !

PRD 89 (2014) 012002 N

A_ = (1-|a/p|)/(1+|a/pl?)

SM
predictions

.02 «  Stemlieed Mo

MR L'TX
IR T X

.04 «  (ueotrdd valoe fevnn
Sannnes ey s lry

48
A4 e e ‘o;n:

A
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Global a_°—a_ plot

arXiv:1605.09768

Tension with SM

not seen in separate
d

1<
-
R
$ Q
e
O
-
—

LHCb D®uvX
DO D®uvX
BaBar D'lv
BaBar [/
Belle /[

1

el
-
<
Q
S
-




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

I'(B, —fep(t))oce [1—(Ssin(Amt)—Ccos(Amt))]

[(B),,—fep(t)oce [1+(Ssin(Amt)—Ccos(Amt))
BOH%H here assume Al negligible — will see full expressions later
4] i 230 1Nl g4
P 1+[n2) 142, ¢ pA
~\
f"f CP

v For B” - JIY K, S =sin(2p), C=0
B~

NPB 193 (1981) 85
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Types of CP violation

* Consider decay of
neutral particle to a CP

eigenstate

2
V- i i : %
\CP violation in mixing
:CP violation in decay

'CP violation in interference
Jpbetween mixing and decay
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Principle of measurement at

Asymmetric B Factor

To measure t require B meson to be moving
- e'e” at threshold with asymmetric collisions (Oddone)
Other possibilities considered

- fixed target production? u
— hadron collider? / W
N + A " 2 t=0 t=t

e’e” at high energy” | l/

electron
(SGeV)

Posnron\*& —— -~ v“'

(3.5GeV) B>

AZ~200um
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Results for the golden mode

o o
[

o

S o
=

300

200 F

)
=

B oNOD N R
TTT [T T [ TRIT T

© o

Raw Asymmetry Events/ (0.4 ps) Raw Asymmetry Events/ (0.4 ps)

S O

6420 246 6420246
At (ps) At (ps)
PRD 79 (2009) 072009 PRL 108 (2012) 171802

At (ps)



Compilation

Results on
previous
slide

Note LHCb
also highly
competitive

sin(2p) = sin(29,) SEAS

PRELIMINARY

4,

BaBar
PRD 79 |EC'DEJ| 072009

BaBar y  K.:

0.69 +0.03 + 0.01

PRD &0 |21]D‘9'| 112001

BaBar JAy (hadronic) K. ;
PRD &9 |_’2C'C'4']i052'3ﬂ1 o

Belle :
PRL 108 [2012; 171802

ALEPH

- 069+£05220.04+0.07

j 1,56 +0.42 + 0.21

0.67 £0.02 = 0.01

0.84 *]55 £ 0.16

PLB 492, 259 (2000)

OPAL g
EPJ C5, 379 |,“|998}|

CDF
PRD &1, D?EDQE (2000)

LHCb :
PRL 115 (2015) 031601

Belle5S .
PRL 108 [2012_} 171801

Average
HFAG

3.20 “5pp +0.50,
0.79 94

0.73 £0.04 + 0.02
0.57 +0.58 + 0.06

0.69 = 0.02

-2
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