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*”

HCPSS2016 - I. Shipsey




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 t
dominated regio

. Possible signals:

nere antimatter

ns of the Universe?

— Photons produced by matter-antimatter annihilation at
domain boundaries — not seen

. Nearby anti-galaxies ruled out

— Cosmic rays from anti-stars 3
. Best prospect: Anti-*He nuclei - Formi

. Searches ongoing ...

® AMS-02
O PAMELA

O AMS-01
HEAT

A TS93
CAPRICE94

3 V{:uj*” L
,_i'

] | ] L ] L | 1 1 ] 1 I 1 | 1 1 I L ] ] L
100 200 300 400 500

Energy [GeV]

o
(V)

Positron Fraction
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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

HCPSS2016 -- I. Shipsey 112



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

HCPSS2016 - I. Shipsey




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

HCPSS2016 - I. Shipsey




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!

HCPSS2016 - I. Shipsey




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

HCPSS2016 - I. Shipsey




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




CKM matrix to O(\°)

(- - l,\i’ - l,,\‘ A \

1 5
A4 - 4\5[1—)lp+72l | — \

1
FAT = gAt (14447

4\3[1_.1__\ ..@)—4\ + = 4\‘[1 —D) 1—-4 \‘

imaginary part at O(A3)
@ary part at O(A%)

imaginary part at O(A°)

Remember — only relative phases are observable




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

HCPSS2016 - I. Shipsey




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,

ViV, =B X1lv

* 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

Big Questions: Are determinations of angles consistent with
determinations of the sides of the triangle ? Are angle
determinations from loop‘¢iréitreerdecays consistent ?




(1,0)

VZ /Vchcb —

u
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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 — —_—
F i q 140
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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 Bd° and BSO

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

PRD 89 (2014) 012002

A_ = (1-|alp|)/(1+|a/p]®)

HCPSS2(

w.01
7
<

0

-0.01

-0.02

-0.03

Ayt=1

N HFAG

-0.02

0

0.01 .
Ay (BY)

SM
predictions

48

146



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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What we expect to see: B’ — J/YKs

Linear
scale

Log scale

I" {arb. units)

I' {(arb. units)

1.0

0.8

o
&

o
Y

©
o

T —1.0
Exp. decay Im A =0.75

0.8
Asymmetry

o
>

d
B
Asymmetry

0.2

~o Non-

Proper Lifeti

exponential

Exp. decay decay

s BO(t)

B'+ B’

Proper Litetimes




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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R, side from BB mixing

* .
World average based on V.V Am m. ;‘,
many measurements b Bs L) B,

P(At) = (1+cos(Amt))e'/2T

LHCb

e Tagged mixed

e Tagged unmixed

4001

— Fit mixed

— Fit unmixed

2001

# candidates / 0.2 ps

0“l1llll2”..3llll4

-0.55— () + (@ | | decay time [ps]
Ade = (0.501500 + 0.0021 + O.OOS:I.O) ps™ 0 ¢ [ps] Am_=(17.768 + 0.023 + 0.006) ps*
arXiv:1604.03475 NJP 15 (2013) 053021
V4V, = 0216 10.301 iO.(ill

experimental theoretical
uncertainty  uncertainty




R, side from semileptonic decay

Parton level 4 Hadron level |
vV V* -/ vV
Ru — ud ljkb . 3
V.,V b \ #B & esz‘@%i
e o
* Approaches:

M!
- exclusive semileptonic B decays, eg. B -~ me"v
* require knowledge of form factors
— can be calculated in lattice QCD at kinematical limit

- inclusive semileptonic B decays, eg. B - X e" Vv

X X

i? C

e clean theory, based on Operator Product Expansion

« experimentally challenging:
* need to reject b - ¢ background

» cuts re-introduce theoretical uncertainties




|V, | from exclusive semileptonic decays

I+

A%

ub

Current best measurements use B - " v
(recent competitive measurement from LHCb with N - PUV)

BaBar experiment Belle experiment
PRD 83 (2011) 052011 PRD 83 (2011) 071101(R)

.« PRD 83 (2011) 032007
*10°
- No 20!
o
O . 818: .......... :-..”:
B -1V S 1y :
T F .
! «
8% LCSR ' ‘.1_
FNALMILC &% | e N |
6 \ 8— ... : L—m‘ -
: —— HPQCD —ﬁ:ovgo ? \(\
4 —— BGL fitto data \\ 6 AL Py
L NN R ENAL e \
- BK fit to data : [ : \y
2 3 © ==-LCSR i _+
o . data \ 2 ® Data : _\q
0 5 10 15 20 25 061 g
5 10 15 20 25
Unfolded ¢? (GeV?) Unfolded q° (GeV’/ic?)

= (3.43+0.33) %10’

156

(3.09i0.08i0.12 10 |v

"attice uncertainty




|V, | from inclusive semileptonic decays

I+

- Main difficulty to measure inclusive B - X 1" v

- background from B - X " v

* Approaches

- cuton E (lepton endpoint), g° (lv invariant mass squared),
M(X ), or some combination thereof

ooooooooooooooo
%e
o
°

 Example: endpoint analysis

non BB background subtracted

Number of Eledtrons / (50 MeV/c)

X_I" v background subtracted

. 1 S 1.9 23 27 31
Electron Momentum (GeV/c)




|V, [ from inclusives compilation

Different theoretical approaches (2 of 4 used by HFAG)

CLEO (E,)

383 £045+032-033
BELLE sim. ann. (my, q)
423+045+0.29-030
BELLE (E,)

464 +043+029-031
BABAR (E,)

418 +024+029-031
BABAR (E,, {')

428 £0.29+0.36- 0.3
BELLE (m)

390 +026+024-026
BABAR (mvy)
40220194+027-029
BABAR 1:111;__—c1" )

432 £028+029-073
BABAR (P
3.65£024+025-027
Average +/- exp + theory - theory
406 £015+025-027

yfdof = 13.9/ 8 (CL = 9.00 %)
Busch, Lang_fe Neubert and Paz (BLNE)
Phys Rev.D72:073006,2005

L Wintgrog |

CLEO (Ey)

358 £042+028-0.25
BELLE sim. ann. (i, ’
420£044+023-0.18
BELLE (E,)

456 £042+0.28-0.24
BABAR (E)

406 £027+027-0.26
BABAR (E,, )

404 £027+028-0.30
BELLE my

403 £027+0.26-0.20
BABAR m,,
423£0204+021-0.16
BABAR m.-q

426 £0.28+023-0.19
BABAR P'

370 £0244+031-024
Average +/- exp + theory - theory
425+£015+0.21-0.17
1Hdof=7.1/8 (CL = 52.00 %)
Andersen and Gardi (DGE)

JHEP 0601:097,2004
E. Gardh ar¥iv0806.4524

————

.‘ Winter0g \

2

v

ub‘

6
[x 107

2

A%

ub ‘

[ x 11:)'3"]6




|V, |average

» Averages on |V _|from both exclusive and inclusive

approaches
exclusive:

Inclusive:

V

ub

V

ub

= (3.28 + 0.29) x 10°°
= (4.41 + 0.22) x 10°°

notable “tension” between these results
INn both cases theoretical errors are dominant
* but some “theory” errors can be improved with more data

PDG2014 does naive average rescaling due to
inconsistency to obtain [V |=(4.13 £ 0.49) x 10°°
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|V, [summary

]
PDG 2014 +

- CKM fitter +
A, —puv (LHCb)

vV, exclusive A

/_\t
d
V , inclusive
°
P—
Y i I

-V inclusive
ub

V'  exclusive
ub

Longstanding discrepancy needs resolution




Measurement of a
» Similar analysis using b - utd decays (e.g. B’ - t'm)
probes m—(+y) = a

- but b —» duu penguin transitions contribute to same final
states = “penguin pollution”

- C £0 & direct CP violation can occur

- S #+n_, sin(2a)

 Two approaches (optimal approach combines both)

- try to use modes with small penguin contribution

— correct for penguin effect (isospin analysis)
PRL 65 (1990) 3381
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Measurement of

+ - +
T T Scp Vs Cep m P P Scp Vs Cep ﬁ

CCF’ PRELIMIMARY CCF’I PRELIMINARY
T | I T T I T |
S A 711121 i i ' BaBar
| Belle 0.4 - g | Belle _
LHCD i © Average

Average

large CP violation small CP violation

. ; -0.4 - . :
large penguin effect small penguin effect
| | | j 1 1 i 1 |
-0.8 -0.6 -0.4 -0.2 0 -0.4 -0.2 0 0.2 0.4
Sce Sce

Contours give -2A(In L) = g.f =1, corresponding to 60.7% CL for 2 dof Contours give -2A(In L) = 512 =1, corresponding to 80.7% CL for 2 dof
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Measurement of

m ---- B — n/pp/pnt (BABAR)
Vorondos = --- B —s mn/pp/prw (Belle)

3 B — an/pp/prt (WA)

LI L L DL N S I L L
—_ +4.4 o
a = (89.0 _4_2) T

CKM fit

no o meas. in the fit

U He—d NI NOILVIOIA 40 194d1d 40
NOILVAYISE0 A9 LNO d31Nd SNOILNTOS 4S3HL

Is there any physical significance in the fact that a = 90°?




Summary so far

Adding a few other constraints we find
= :M

1

Consistent with Standard Model fit

0.132£0.020  os
= 0.358+0.012

= 2

e some “tensions”

IIIIIIIII
m
=
“i/
Y
3l:

Still plenty of room for new physics




Flavor physics at hadron colliders

e ¢ —Y(4S) — BB pp — bbX pp — bbX
(s =2TeV) (/5 = 14TeV)
PEP-II, KEKB Tevatron LHC

Production cross-section 1 nb ~ 100 ub ~ 300 ub

Typical bb rate 10Hz ~ 100kHz ~ 300kHz

Pile-up 0 1.7 0.5-20

b hadron mixture BTB™ (50%), B'B" (50%) B" (40%), B" (40%), B, (10%),
A} (10%), others (< 1%)

b hadron boost small (fy ~ 0.5) large (fy~ 100)

Underlying event BB pair alone Many additional particles

Production vertex Not reconstructed Reconstructed from many tracks

B'-B" pair production  Coherent (from 1"(4S5) decay) [ncoherent

Flavour tagging power eD” ~ 30% eD” ~ 5%

HCPSS2016 - I. Shipsey




Flavor physics at hadron colliders

* In high energy collisions, bb pairs produced
predominantly in forward or backward
directions

 LHCDb Is a forward spectrometer

ECAL HCAL

The LHCb Detector ‘ o RK_WSPD‘PS M3
JINST 3 (2008) S08005 | . < Ml

T3
2

M4 M5

A1
J/|/IRicH1 A
SR H] T el
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Flavor physics at hadron colliders

) 10 L He Fiti 2081 lum inosity

FE Tor— levelling at

g \M\‘Q““-— . ATLAS & cms | @around

= ‘ 4x10% cm2s?

3 10 via

g 19|

: | transverse

§ i _HEP separation

£ —— | | (with tilted

) crossing angle)

L S S N uin

Fill duration [h]

from C. Gaspar, via. F. Zimmerman
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Flavor physics at hadron colliders

 Measured cross-section, in LHCb acceptance, 7 TeV
o(pp - bbX) = (75.3 £ 5.4 + 13.0) pb
PLB 694 (2010) 209
S0, number of bb pairs produced in 1/fb (2011 sample)
10" x 75.3 10™° ~ 10"

« Compare to combined data sample of e'e™ “B
factories” BaBar and Belle of ~ 10° BB pairs

for any channel where the (trigger, reconstruction, stripping, offline)
efficiency is not too small, LHCb has world's largest data sample

e p.s.: for charm, o(pp - ccX) =(6.10 £ 0.93) mb
LHCb-CONF-2010-013
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Other unitarity triangles

» High statistics available at LHCDb will allow sensitivity
to smaller CP violating effects

- CP violating phase in B_ oscillations (O(A?))
- B_oscillations (Am ) measured 2006 (CDF)

- CP violating phase in D° oscillations (O(\°))

. D° oscillations (x_=Am /[ &y_= Al _/2I ) measured 2007
(BaBar, Belle, later CDF)
 First definitive (50) observation 2011 (LHCD)

« Observations of CP violation in both K° and B® systems
won Nobel prizes!
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Time-dependent CP violation formalism

. Generic (but shown for B ) decays to CP eigenstates

1-+-|)\ | Tt

U(B.(t) — f) — Ny|As|?

t : '
¥ [(-(,-4}] Af | _/-l(llr cO (AI?)’) { AA[ sinh Al

| A:'.‘:.’ sin (Am fl]

—— - —,]' /\f2 "
N(B.(t) — f) = Ny |A,)? *_') (1 4 a) e

—

Al't Al'l :
[('0511 — AL cos(Amt) + Aar sinh S5 — ACE siut’.A/ul)] .

p— -
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Time-dependent CP violation formalism

. Generic (but shown for B ) decays to CP eigenstates

L+ A

2

I'(B.(t) — f) = Ny |Ag)?

AT ¢ - |
AI: — A‘é'; cos(Amt) + Aar sinh 5

< [(‘C)Sl’] At

+ AE‘;D‘ sin (Am f'i]

1+ | Aq°

D(B.(t)— f) = Ny |A;|?

I

CP violating asymmetries CP conserving parameter
1—[\ep 2R(N.) 2 J(Nep)
Ag’P = Cep = - AT — = ce = Sep = =

1+ 1+ 1+ [\




Time-dependent CP violation formalism

« Generic (but shown for BS) decays to CP eigenstates

DB — f) = Ny A LA

_ A
C(BL(6) = 1) = Ny [, B 1y gy o

,_"'-.Tf AT
-:r.::rsh ©—|— Aar sinh 5

* Untagged analyses still sensitive to some interesting
physics
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Time-dependent CP violation formalism

» Generic (but shown for B ) decays to CP eigenstates

D(B.(1) — f) = Ny |Ag[? H'“”'

-:c:rsh _‘xl"f @ + A ar sinh _‘tTf A::[:]:ﬂx sin '[i'n.m,f)]

D(B.(t) — f) = N |A, |‘*1+'“’”| (1

.-_l

,_‘-._Tf ,_‘-._Tf ,
Y [cﬁsh 5 4+ Aar sinh — AGE Sin{,ﬁﬁlf}] .

i .-_l

* |[n some channels, expect no direct CP violation
* and/or no CP violation in mixing
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Time-dependent CP violation formalism

- Generic (but shown for B ) decays to CP eigenstates

D(B.(0) — f) = Ny jag P LR o

% [@ + A‘é'lg cos(Amt) —|—®—|— A;:‘:’::_x sin {ﬂﬂrlf}]

N(B.(t) — ) = N} |A; FH'“’”' (14 a)e T

@ AZE cos(Amt) + @ AR 51H{J?‘r1f}

* |In some channels, expect no direct CP violation
» B, case: Al' negligible
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Time-dependent CP violation formalism

. Generic (but shown for B ) decays to CP eigenstates

D(B.(t) — £) = Ny |2 LMD o

PBL(t) = £) = Ny a2 2P gy

@_.ﬁép@mr@_ﬂcp @

* |[n some channels, expect no direct CP violation

» B, case: Al' negligible
e D° case: both x = Am/I" and y=Ar/2I small
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Charm mixing and CP violation

HFAG world average Includlng results from BABAR, Belle, CDF, CLEO(C) FOCUS, LHCDb
S " lcPvalowed N IT
>

1 2 CHARM 2015 s CHARM 2015 : : 20

60 _ .................................. .................................. ................... 30

_II--_-I_

e ———

__--!_-IE___ _— - i

.‘=—_'-i—"_m—--s._“-:

Arg(a/p) [deg-]

=0 51_}""}“} Joppy i

06 08 1 1.2 0.6 0.8 1 12 1.4 16
X (%) lg/pl
Inconsistent with no mixing point (0,0) Consistent with no CP violation point (1,0)

~0.6-0.4-02

Charm provides unique neutral meson “laboratory” to
study CP vioiation effects’in up-type quarks




 Most attractive channel
B° - Jye

e VV final state

three helicity amplitudes

— mixture of CP-even and CP-odd
disentangled using angular & time-dependent distributions
— additional sensitivity

many correlated variables

— complicated analysis

» LHCD also uses B_- J/Yf (f —1U'1T)

- CP eigenstate; simpler analysis
- fewer events; requires input from J/y¢ analysis (I, Al')

HCPSS2016 - I. Shipsey




CP violation in B_° - J/TU' 1T

PLB 736 (2014) 186

)

—|

N(B, FN(B

H,

llll lllllllllllllllllll

T

=70+ 68 + 8 mrad

lllllllllllllll

1 " A A 1 1

0.1 0.2 0.3
Decay time modulo 2/Am, (ps)

| Asymmetry expected to be very small in the SM \
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CP violation in B_” - J/y@ & J/Ymrt

Analyses of BS0 - J/Y@ measure @_and Al'_ simultaneously

| DO 8 fb :
0.14} mq ]
: Spring 2016 | 1
68% CL contours |
(Alog £ =1.15)

I /_1
| | CDF 9.6 fb

ATLAS 19.2 fb~!

—04 = -02




CP Violation in Decay

« Condition for CPV in decay: |A/A|#1
 Need A and A to consist of (at least) two parts

- with different weak (@) and strong (0) phases

« Often realised by “tree” and “penguin” diagrams

A = |Tle +|Ple""" " A = |T|e +|P|e

_|Af-|A] 2|T||P|sin(8,—8,)sin(db,—d )

)

B \KZ+ Al - |T|2+]P\2+2|T||P|cos(6,.—6,,)cos(vcb.,.—q>,,)

i (Sl (1"’ i (S] t lt), i 6“, t 1b‘.,

A("l)

Example: B - Kt "
(weak phase difference is y)

Tim Gershon
Flavour & CPV




Fact or fable?

Penguin diagram
From 'Wiki padia, the free encyclopedia

In quantum field theory, penguein diagrams are a class of Feynman diagrams which are important for understanding CF violating prosesses in the standard model.

They wera first isolated and studied by Mikhail Shifman, Arlady Vainshtein, and Valentin .-'.|I-.I|.|||ch.|1 | The processes which they describz were first directly chserved in
19911 and 1224 by the CLED collaboration.

Ongin of the name [dit]

lohn Ellis was the first to refer to a certain class of Feynman diagrams as pengmin diagrams, due in part to their
shap=, and in part to a legendary bar-room bet with Melissa Franklin, Sccording to John Ellis:l"I

fdary K. [Gaillard ], Dimitri [Manopoulos]and | first got interested in what are now called
penguin diagrams while we were studying CF viclation in the Standard Madel in 1976, The
penguin name came in 1977, as follows.

In the spring of 1977, Miks Chanowitz, Mary K and | wrote a paper on GUTs predicting the b
quark mass before it was found. When it was found a few wesks later, Mary K, Dimitri, Sarge
Rudaz and | immediately started working on its phenomenclogy. That summer, thers was a
student at CERM, Melissa Franklin who is now an experimentalist at Harvard . One evaning,
she, |, and Serde went toa pub, and she and | started a game of darts. \We made a bt that if |
lost | had to put the word penguin into my next paper. She actually left the darts game before
the end, and was replaced by Serge, who beat me. Mevertheless, | falt cbligated to carry out the
conditions of the bet.

For some time, it was not clear to me how to get the word into this b quark papar that we wers
writing at the time. Then, one evening, after working at CERN, | stoppsed on my way back to my
apartment to visit some friends living in Meyrin where | smoked some illegal substance.

Later, when | got back to my apartment and continued working on our paper, | had a sudden
flash that the famous diagrams ook like penguins. Soowe put the name into our paper, and i

the rest, as they say, is history. Example of a parguin diagram o]
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Fact or fable?

Penguin diagram
From 'Wiki padia, the free encyclopedia

In quantum field theory, penguin diagrg ng prozesses in the standard model.

They wera first isolated and studied by M
19911 and 1224 by the CLED collaboration.

) describe were first directly chsersed in

Ongin of the name [dit]

lohn Ellis was the first to refer to a carta

shap=, and in part to a legendary bar-room

fary K. [Gaillard], Dimitri [Ma
penguin diagrams while we
penguin nams came in 1977,

In the spring of 1977, Miks 1
quark mass before it was fou
Rudaz and | immediately start
student at CERN, Melissa Fra
she, |, and Serde went toa pu
lost | had to put the word peng
the end, and was replaced by
conditions of the bket, =

For some time, it was not clear to me how to get the word into this b quark papar that we wers

writing at the time. Then, one evening, after working at CERN, | stoppsed on my way back to my

apartment to visit some friends living in Meyrin where | smoked some illegal substance.

Later, when | got back to my apartment and continued working on our paper, | had a sudden

flash that the famous diagrams ook like penguins. Soowe put the name into our paper, and i —_

the rest, as they say, is history. Example of a parguin diagram o]
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Direct CP violation in B - KTt

e Direct CP violation in B - K1t sensitive to y
too many hadronic parameters = need theory input

NB. interesting deviation from naive expectation Belle Nature 452 (2008) 332
’L\é‘ ACP(K_T[ ) =—-0.082 + 0.006 750 2 p b o

L :
\\\(\(\Q\) ACP(K_T[O) =+0.040 £ 0.021 5002

]
[41]
o

HFAG averages

300 |

Could be a sign of new physics ... oF
... but first need to rule out possibility of :
larger than expected QCD corrections

Entries per 2 MeV/c2
o

M, (GeV/c?)
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B - DK & determination of ¥

* vy plays a unique role in flavour physics

the only CP violating parameter that can be measured
through tree decays ©
() more-or-less
* A benchmark Standard Model reference point
« doubly important after New Physics Is observed

T u _—7 = 0
SS::s - : ! ]" — i } ) N ‘y7’/ /'/ ‘, | D
, S o B ”""‘7'7<

(4

Variants use different B or D decays B
require a final state common to both D° and D° 9

HCPSS2016 - I. Shipsey
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B - DK & determination of ¥

BaBar PRD 87 (2013) 052015
Belle CKM2012 preliminary
LHCb PLB 726 (2013) 151

& LHCb-CONF-2016-001

All direct CP violation effects caused by y in the Standard Model
Only those in B - DK type processes involve only tree-level diagrams

« enable determination of y with negligible theoretical uncertainty
Several different B and D decays can be used
Combination includes results from GLW/ADS (D - hh) & GGSZ (D - K.hh)

Sensitivity: BaBar & Belle each ~16°; latest LHCb ~7°

3 7 [
! 1j ..... BI D*K: P{ﬁ’: E Ll) % LHCb
- ) - ) — 0.8 : Preliminary
0.8] B* — DK**
ol 2 Combined 0.6- 709:1
0.4 040 68.3% E
02 02— s
i e 95.5% .
: e 220 . ... AR
Tim Gershon 0k 0 o o o 10

Flavour/& CRV. v (deg) Y [°]




The 30 year search for ESENay

Killer app. for new physics discovery

* Very small in the SM 5 Mo ey MSSM

- no tree-level FCNC W0

AN

- CKM suppression

- helicity suppression

~fan'p

 Huge NP enhancement possible (tan g = ratio of Higgs vevs)

BR(B,»u'u )™ = (3.3+0.3)x10° BR(B,»u"u )™ o tan’p/M?5,

* Clean experimental signhature
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S/(S+B) Weighted Events / ( 0.04 GeV)

—_
o

(00)

atest results frrom
CMS PRL 111 (2013) 101804

CMS-L=5fb"'\s=7TeV,L=20fb" \s=8TeV

LHCb PRL 111 (2013) 101805

m,, (GeV)

N —o— data
- — full PDF & 16— I
B Bg—m*p' § C
- B pw 14
I I O R LEED combinatorial bkg é) [ LHCb
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Observation of E¥ S

CMS and LHCb (LHC run [}
I 1 1] 1

-~

| ' ' |
—— Data
Signal and background
8; - ptuT

BY o p'y

60

Combination of CMS
and LHCb data results
In first observation of
B - Uy~ and first
evidence for B’ - p*u~

50

Combinatcral background
40 .
-- Semi-leptonc background

— — Peaking background

30

Il llllll[ll‘l || Illl

Weighted candidates per 40 MeV/c?

Results consistent with
SN i s ) SM at 20 level
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B>K*u ™

. b—>sl*I” processes also governed by FCNCs

— rates and asymmetries of many exclusive processes sensitive
to NP

i %0+~
. Especially B,->K**u*u
— superb laboratory for NP tests
— experimentally clean signature

— many kinematic variables ...
— ... with clean theoretical predictions (at least at low g?)




Operator Product Expansion

* Build an effective theory for b physics
— take the weak part of the SM
— integrate out the heavy fields (W,Z,t)
— (like a modern version of Fermi theory for weak interactions)

L (full EWxQCD) E LI“ — E QEDxQCD | quarks 7 : + : (.'”(:// :' (2”

& leptons

(2 n — local interaction terms (operators), (Y,, coupling constants (Wilson coefficients)

Wilson coefficients
. encode information on the weak scale
. are calculable and known in the SM (at least to leading order)
. are affected by new physics

For K*up we care about C., (also affects b—sy), Cg and C,,
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Angular analysis of B>K*u ™
LHCb-CONF-2015-002

. Differential decay distribution

(1= Fy)sin® 0 + B, cos® O

+3(1 — FL) sin? 0 cos 20,

g o

— F cos? O cos 20, + Ss sin? Oy sin? 0) cos 20

+.5, sin 20 sin 20, cos ¢ + S5 sin 20 i sin 6 cos ¢

+ %AFB sin? O cos 0 + Sy sin 20 sin ) sin ¢

+Sx sin 20, sin 26, sin ¢ + Sg sin? O sin® 0, sin 2(,.*')] .

S; terms related to Wilson coefficients and form factors
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Full angular analysis of BO=>K*Outp-

LHCb-CONF-2015-002

. Example of fits, in 1.1 < g% < 6.0 GeV? bin

Q, e o S
% Ip;rl—ell?rl;unary 4 % ]l;rl-ellci:rlr)linary )

§ § 1ol Angle and m(Krtr)

P PR + projections in £ 50 MeV
o 5 around B peak

m B 50

_ 3 . . 0.9 0.95
m(K*n ) [MeV/c?] m(K*7") [GeV/c?]

- T L o - LT R ‘ o T
o LHCb o LHCb — LHCb .
> r preliminary > preliminary - preliminary
= 60 - = ~
o r ) 4
> -z =1
83 L o M| o

40 M

-1 -0.5 0 0.5 1 - -0. . -
cos 0, cos 0 ¢ [rad]



enSIOn In PS' JHEP 02 (2016) 104

1_--*|"-*|""|"'

Dimuon pair is predominantly spin-1 -

= SM from DHMV

. . T - B
. either vector (V) or axial-vector (A) LAVaN

There are 6 non-negligible amplitudes 7——‘— \ | :
_0..v10....15...‘

¢* [GeV¥ 4

. 3 for VV and 3 for VA

. expressed as A*® | | (transversity basis)

. related to difference between relative phase of longitudinal (0)
and perpendicularly () polarised amplitudes for VV and VA

. constructed so as to minimise form-factor uncertainties
Py =2 Re (Af AL — AFAT)

(A5 + 1452 (14K + AR + 4L + A7)

Sensitive to NP in V or A couplings (Wilson coefficients C,") & C,,")
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b—> sty branching fractions

Theory I Binned

-LCSR Lattice —e-Data +LHCb
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Lepton universality — R

PRL 113 (2014) 151601
Deficit of B — Ky*u~ compared to expectation

also seen in Ky*u=/Ke*e™ ratio (R¢) — negligible theoretical uncertainty

e LHCb g BaBar 4 Belle

M 2_ LI B L L B B B B R L L
=0 LHCb
1: +- + SM
0.5 ]
N B B B B

00 5 10 15 20

g> [GeV?/c4]
R((1 <g%<6 GeV?) =0.745 *0-0%_  _ +0.036

<30 from SM but suggestive 196



B—>Dtv

* Powerful channel to test lepton universality

. ratios R(D'*)) = B(B>D™*)tv)/B(B->D™*)v) could deviate from SM

values, e.g. in models with charged Higgs

* Heightened interest in this area
. anomalous results from BaBar
. other hints of lepton universality violation, e.g. R,
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B_, D(*)TV

* Powerful channel to test lepton universality

- ratios R(D®) = B(B - D®tw)/B(B - D®uv) could deviate from SM
values, e.g. in models with charged Higgs

* Heightened interest in this area
PRL 109 (2012) 101802

- anomalous results from BaBar & PRD 88 (2013) 072012
— other hints of lepton universality violation, e.g. R,

Belle 2007

BaBar 2008

IlIIII

—~~
a)
H—— =+ - t
Belle 2009 -
e

Belle 2010 +—H ——o—

BaBar 2012 H-ro—H H—e-rH
1 I 1 1 L I 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I

| - I B I —
2 4 . . 3 04 05 o0 e
0 0 0.6 0.8 0 0 0 0.6 0.2 0.4 0.6

+ LHCb R(D) R(D¥*) R(D)

R(D*) = 0.336 + 0.027 + 0.030




B _. D™1v

Tension with SM at 4.00

=>
R(D), PRD92,054510(2015)

% 05 - — BaBar, PRL109,10180202012) '2 B
- - = Belle, PRD92,072014(2015) A" =10 1
E’ 045 LHCb, PRL115,111803(2015) =
N Belle, arXiv:16(13.06711 R(D*) =0.316 £ 0.016 = 0.010
n = HFAG Average, P(y%) = 67%
0.35—
0.3=
0.25 E

R(D*), PRD85,094025(2012)
[ [ [ [ [ [ I

E
8
| L1111 | | 11 I | - I 11

02 03 0.4

Careful averaging needed to account for
statistical and systematic correlations
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Future: 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™1)
K -factory
K -factory

charm and 7
B(t — i)
la/plp
arg(q/p)p
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Other future flavor experiments

» Rare kaon decays
- K+*= 1w (NA62, CERN); Ko 1owv (KOTO, J-PARC)

* Muon to electron conversion (charged lepton flavour
violation)

- COMET/PRIME (J-PARC); mu2e (FNAL)
- also MEG upgrade & p3e (PSI)

» Various electric & magnetic dipole experiments
- (9-2), in FNAL & J-PARC
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Summary

We still don't know:
— why there are so many fermions in the SM
— what causes the baryon asymmetry of the Universe

— where exactly the new physicsiis ...
— ... and what it's flavour structure is

Understanding flavor is essential.
Prospects are good for progress in the next few years

Will have continuing programme of flavor physics into the
2020s and | hope beyond

— complementary to the high-p; programme of the LHC

— Complementary to searches and studies of neutrinos,
dark matter, dark energy and inflation




“What we know is a droplet, what we

don’t know is an Ocean”
SirIsaac Newton (1643-1727)




The ocean is for your generation to explore.
You will make great discoveries.
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References and further reading
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Review journals (e.g. Ann. Rev. Nucl. Part. Phys.)
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