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We calculate the dilepton charge asymmetry in the neutral-conjugate-heavy-meson sys-
tems produced in e Te ~ annihilation. This asymmetry, which is a measure of the intrin-
sic CP violation in the mass matrix, is calculated in the Kobayashi-Maskawa (KM) model
as well as the Higgs-boson model of CP nonconservation. While the charge asymmetry is
small for the D%-D° and B%-B? svstems in both models, it is predicted to be quite large
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Abstract

Review: the phenomenology of Matter-Anti-
Matter Asymmetry, or CP

. Higgs
Non-conservation, 3&&)
1 /,\&\\ S,

Pathway: to understand subnuclear phys IE L gy I
within or beyond the standard model of e 5 b
fundamental interactions of the strong kR T | T Y b

and the electroweak forces.

Research programs on the B meson "y "
physics, on the neutrino oscillations, and on

the electric dipole moments of the electron

and the neutron.

Relation of the CP non-conservation in subnuclear physics to the matter dominated
structure of our universe.
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1st generation: e,p,n

®
Nucleus:
107  protons and neutrons (1932)
N.B. v proposed (Pauli), but “latent” bound thru Yukawa’s (1935)
pions (theory)
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The Modern View

Jivay
= charge

' - ‘ \ quarks electron

S5 Protons contain uud: charge = +¢
Elementary? Neutrons contain udd: charge = 0
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Prediction and Discovery of Antimatter

Paul Dirac predicted existence
of the positron in 1928 by
incorporating Special Relativity
with Quantum Mechanics

Simplified:
E2 = p2¢2 + m2c?
Has E > 0 & E < 0 Solutions
Dirac Equation implies:

positron mass = electron mass

positron charge = - electron charge
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Weak decay

/u-—ve v )

bl P combined with C ,'name‘a} CP ., as

a valid symmetvy .
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Kt > 7Y
K™ — utv

Kt =ty

s: the “Strange”

Strangeness: Repeat of U in Meson/Baryons

e Long Lifetime: T/t ~ 0.5, but mg2/my2 ~ 13,
Strange, should be shorter.

. Cabibbo Proposal:

Mixing:
d. = dcosO. + ssinf. with sin6.~ 0.22
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K°-K° Not eigenstate of full Hamiltonian (e.g. Weak Interaction)

H_J
S W d
wt
K" =3d, K% =ds. CP|K" = +|K") (convention dependent)

states of definite C'P: | 2) = % (K% + [KYY)

CP|Ky)=|Ky), CP|Ks) = —|Ks)
CP_+ -

- only Ay — 7m
If C'” were an exact symmetry: Y ! | Q. O
both Ky — 7rm J
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Discrete symmetry, P, C, CP

G
LD TS(éVe)V—A (Pupt)v-a

1

Under CP, V — A form remains unchanged.

CP violation only when couplings are complex.
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Discovery of CP Violation

VOLUME 13, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JurLy 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*'

J. H. Christenson, J. W. Cronin,} V. L. Fitch,} and R. Turlay?
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K,° meson. Several previous experiments have
serv 0 set an upper [imit o 00 for the
fraction of K,’s which decay into two charged pi-
ons. The present experiment, using spark cham-
; y his limit,

In this measurement, K,” mesons were pro-
duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the
circulating protons by a 13-in.X 13-in, X 48-in,
collimator at an average distance of 14.5 ft. from

CP -

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion., In this detector the K3 decay
leads to a distribution in m* ranging from 280
MeV to ~536 MeV; the K3, from 280 to ~516; and
the K73, from 280 to 363 MeV. We emphasize
that m * equal to the K° mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, 6, between it and the
direction of the K.° beam were determined. This

K —am o~ 1/5000EE) [&, =2x1073
+
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Swings
'P(2F)‘Ql)1=|; C(2v)=1{

A (k—zmy=_k (K—=2r)
Ks = 27> bk =2

K'_ > ,K> 'K> l??r> \>A__)A( O

Ke—> 2T (v‘too/ %-0.89 x10  sac)

K A>2m [but 3T 34% -8
( 'lTﬂV 65/T52XIOQ(_)

ﬂus“’/’v If you wait for a Qon3 while,
SPn'na the spvina <G L R?(edhs’ whj .

‘P@’i’ S Sf-"\ 3 molion
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Charm Flavor

KK’

« Long Lifetime: Cabibbo —>

o MIXIng: Cu (e d.=dcosl. +ssinb,

* Rare SCNC '\a" H s l s, =—dsin@_+scosé, Charm!

2x2 Rotation!

« CP Violation: Discovered Experimentally 1964
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3X3

CPV at 2x10-3 level

:/ ll ‘\‘l [./ (" \] (/( — (/ C()_\H‘ +‘s. Sill H‘.
(a5, ) s.=—dsing +scos6,
\. [ By \ C J/

x2 Rotation! [

Kobayashi-Maskawa (1973): CPV Emerge by generalizing
/R - ]l 2x2 — 3x3
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c/T/b/t

Discovered 1974-1995: 3 Generation Completed

°C.

GIM Mechanism (1970) and m. from K°-K *Mixing
Discovery — JIy (1974); D meson (1975)

: KM (1973) predicts 3rd Generation from CP Violation

Discovery (1975)

. Discovery, following c/tT

“Repeat” J/ history — Y (1977); B meson (1983)
Long awaited, ...

Finally appeared 1995 (20t anniversary)
— Much Heavier than expected !

Why b physics iIs interesting ?

May 14, 2015
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The Fundamental Fermions

:

de s Dbe
(large angle MSW) u-e ce te
V{8V 8YV3 ee ue Te
< : = o > o ®
= = = < < <

May 14, 2015 Keung, Z{&H (UIC) at PPP 11



The Standard Model (SM)

Gauge symmetry: SU(3). =« SU(2). = U{l)y parameters
Sgluons W, 29 4 3
Particle content: 3 generations of quarks and leptons

QL(3.2)1/6. «R(3. Vass. dr(3.1) 13
Li(1.2) 1e (R(1,1)

u ¢ I/ Uy UV
quarks: leptons: { © * 7
d s b ¢ Il T
Symmetry breaking: SU(2), x U(l)y — U(llgm

. 0
O(1.2)y 5 Higgs scalar, (¢) — ( ) 2

® The SM agrees (too well...) with all observed particle physics phenomena

‘ Pattern of Flavor (CP V) Not Understood !
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CKM Unitarity Triangle

Sides and Phases

In mass basis, charged current (11" ) weak interactions become complicated:

(IL
( i J . - T
—S QLA WET QL +he = ——= (WL. eC. to) ¥ W, (Var V) | so | +he
- \." 4
f br

Cabibbo-Kobayashi-Maskawa matrix: Vokwm
Only source of CPV in flavor changing processes in the SM
only charged current interactions change flavor
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1 in Dynamics: CPV

ElectroMagnetism:
Charge e is Real
“We” Understand: Gauge Charge is Real.

Imagine a Complex Coupling :

True, or, Possible, for Yukawa Coupling of
quarks/leptons to Higgs boson(s)...

Quantum Interference in Amplitude More Interesting
m===) How CP Violation Appears
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Two phases ()

3 A, Amp(P = Q)= (--- g ---) | A

I)r()b(P_>Q) - (... 4; ...) (]; (... g; ...) ‘41

_/’-\Q | |
P\/ \ ) \ - )

3‘: Al P _ * *
rob(P — Q) = gig; AiA;
(9 A = |9vA] Prob(P — Q) = g; g;Ai4;

e One c,omp&x 9 mel  enough fw/é? diff = _2Im(gz'g;)1m(AiA;)
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Efficient 3x3 complex matrix

VOLUME 53, NUMBER 19 PHYSICAL REVIEW LETTERS 5 NOVEMBER 1984

Comments on the Parametrization of the Kobayashi-Maskawa Matrix

Ling-Lie Chau and Wai-Yee Keung
Physics Department, Brookhaven Narvional Laborarory, Upton, New York 11973
{Received 30 March 1984)

1 0 O e, 0 s,e || ¢, 5.0 Cx G Sy Cy s;e”i®
0 ¢ s 0 1 0 — 8 & O] =|—=sc6,—ce5y5.€"® e, —ses,5,€ sc
0 —s, ¢||—5€?®0 ¢ 0 01 S8y — x5 €'® — s, — see, 5, o
Ve V.. V | -
ud us ubd ¢, s, s,e” i)
s ) 4 i
Ved Voo Ve — 5, — 5,5,/ ¢, S,
. y y — j¢ —_— — i¢
| " l h | " BT Sy = 5,5,€ 1
VadVub +\‘ edVeh T Vid¥yp = 0
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Each term in 3X3 matrix is
given by one leading term.
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CKM matrix is hierarchical (empirical)
: ~ 1
| wd Vi us Vi ub d Y VUS
(w,e. )| Vg Vie Vig ¢ A~ (.22
Via V Vi b :\:"

Elements depend on 4 real parameters (3 angles + 1 CPV phase)
Vekw Is the only source of CPV in the SM

It is convenient to exhibit the hierarchical structure by expanding in A — sinéq

1,2 3 -
Wolfenstein L= 3A ’\_ | AN p — )
V \ | — 372 ANZ FO(M)
parameterization\ 3.1 _ , _ ..\ _ 12
..,\ t‘] / u) AN ] vcb 9 A
Present u 6, A ~ 5%, /p2+ 2~ 20%, Vb 2 p, 1

Ex. Use the upper right 3 elements as definition, and using
unitarity of CKM matrix, verify Wolfenstein parametrization

to O(A%) [memorize it !], and derive to O(A5).
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B factories studying top quarks

Top-quark physics
Direct production, Mass, width etc. > CDF/DO0
Off-diagonal couplings, phase -> BaBar/Belle

June 17-23, 2004 SUSY04, Tsukuba, Japan Masashi Hazumi (KEK)
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Unitarity Triangle and CKM Phases

From unitarity (Ve Vor v = 1)

VudVh + VedVep + ViV, = 0

The Unitarity Triangle
¢ <= p
Phases | < «
h = Y (0,0) (1,0
Sides “Normalized™ |Vup|, |Vidl

Remarkable that we can ! [varying difficulty]
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B Decays: “Tree” View

Inclusive (quark Ievey

Leading Decays:
A suppressed:
Vb suppressed:
AVyp suppressed:

May 14, 2015

d s;/

Dressed

hadronic
b —|cud, ccs:

b—|cus, ccd

C, u

__semileptonic _
cev, cuv, ctv

b — uud, ucs

wuev, uuyv, Uty

Keung, Z{&H (UIC) at PP

b —|uus, ucd

P11

==y cpV Phase !



the Physics ...

CPV in Mixing-Decay Interference

Double Slit
Experiment

—n / A:  Decay Amplitude
My, : Mixing Amplitude

[. Decay dominated by a single CPV phase: |[A/A| =1
2. CPV in mixing negligible: |¢/p| = 1

3. The only remaining effect 1s

Step = IMmAjop ~ sinfarg(Mia) — 2 arg(A)]
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CPV in B’- B’ Mixing
No CPV in B - J4Ks Decay
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The Duel of the B Factories
KEK f» ~ SLAC

High Energy Ring
(upgrade of existing ring)
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| sin (261) = 0.733 £ 0.057 £+ 0.028 |

D _
Time graphs
BELLE

140 fb1 = 152M B pairs
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Current Belle and BaBar Results for sin(2¢,)

1.5 1 1 1 I | I 1 I I 1 L 1 Ll Ll Ll I Ll 1 1 1 I 1 1 1 1

[ | @cluded amahas< 005 CL |

sin2¢, (Belle 2003,140 fb")
=0.733+0.057+0.028

sin2¢, (BaBar 2002, 81 o)
=0.741+0.067+0.033

Precision Measurement

sin2¢, (New 2003 World Av.)
=0.73620.049
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EDM?

What do we know so far?
The size is given by two standard

charges times their separation. electron:
@ < 1.6 x 10?7 escm

+ - (from Tl atom)
O units of

@)
e*cm ,
spin ’<7 d 4.‘ muon:
< 1018 eecm

axis
(from g-2 exp.)

‘ neutron:
<6 x 1026 egecm
-

history of

the neutron “size” of neutron ~ 1013 cm,
and electron EDM'’s down another 1012 |
(atom)

searches

mercury atom:
<2 % 1028 escm
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d r
z;ffa* vs f o

H = d(ow — yoye)  E
P: E+> -E , H sign flipped.
(% RSN Ve, E & E VAN 2, JRCAN Ve, H unchanged.

v bt B B, oloy + —yloy , H sign flipped.

+9 Y
B, \T} < T »E) : \l/
H —H

\ﬁf /
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“MALL08d D0 | — oy ity bictiom = (_m_)
X
s~ . e . <l
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VOLUME 82, NUMBER 5 PHYSICAL REVIEW LETTERS 1 FEBRUARY 1999

New Two-Loop Contribution to Electric Dipole Moments in Supersymmetric Theories

Darwin Chang."> Wai-Yee Keung.*? and Apostolos Pilaftsis*>

At~ ~t v

Jp o5 UA (hh-tat) iR thia
W 4
CP even wmwm CP oddL
CP—PM;(.;Z, | Anaﬂogowo y k'l.—‘ -
Y (&) vﬁdg/( _£j ?/'“’(
flmn éLJ.a-»

/’/é‘; 2 Q\(\/\/;
A \\\\‘\\\__,,’f/':'_\'ﬁ;\'b} (z) w ok g %L\&(

—_——am =
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Chang, Chang, Keung ;:*
Phys.Rev. D71 (2005) 076006 i
P e -’ ier m s
A I R T K B
o t .3 i oy " oo o0 fogg, o f ’35--,1-;‘.--*'
po - & X e r:',,:, ,"3.::-’.'?;'.':_:_".

dW

10 20 30 40

W= W= tan (3
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Wainbers (€1 e
@L._k
Braotin gt ol (A0) (%

—— QCD Supprassion.

b color eleglic dipele momenl

LCD  enhanamert

Phys.Rev. D46 (1992) 2270-2271 Linsiniimadll, &
With Chang, Kephert, and Yuen
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2 HDM  and Beyond v~

oL=-(@af F(Ath«Ath)£H
phase conngt be elited auay becauae "12

+Re mass Lowm  mEL

Amp (H— t,_i) ~ ARF +1i Ar
Awmp (H*— tets) ~ Ag(g ~3 Ar

 mRE) A AE (i
Amp (e o) A&F | - iAg (wia)

P (hED~ P (tef 4appAep
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YL, B305,261(93)
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Angular correlation in Z’ to ZZ

With Low and Shu,
arXiv:0806.2864

FIG. 1: Two decay planes of Z1 — £1£1 and Zs — {20 define
the azimuthal angle ¢ < [0, 27| which rotates £2 to £1 wn the

transverse view. 1he polar angles 01 and 02 shown are defined
in the rest frame of Z1 and Z2, respectively.

Ocpv = f1Z,(0,2") 2", 0a = f5e"P7 2} Z,(0,2Z)



Amplitudes  7'(q +q.p1) = Z(g1.0)Z (2, )

L .'3 . i3 3 _ . [
I 5 7 = if1(d5 0" 4+ @) g") + i fse" 7P (q1 — q2) .

3% =1 —4m%/m?%,

./"\/l+‘+() — _./"\/l—,O-i- — R(—fsd -+ If_l) R — ,"377122,
, . T 2mgz
.f"\/l+‘0— — _-/"\/l—,—O — R(_f:':)‘;j T If'-l)

S: S: ""\/l"‘\)\l A2 Jhy f;\lll (le C)) (]hgf),\l; (92, O)

kh1,he [A1,A2

_ _ ima L
€ h

(0, 0) = (1 + mhcosb) 5 0 (0,0) = %




Universal Angular dependence

S87dN 0 [1 2 4 2
T ' : — = — COS™ /1 CcOs™ U«
Ndcostidcostrdo 8 S

— cos #1 cos By sin By sin #4 cos(@ + 20)

NI

.) -) \
dr, —49Rr)” ., . d )
(91 -/R)_ sin A1 sin Ay cos(¢ + 20)

+ — -2
(g7 + g%)?




Amp. Squared

sSum
M+ = (+.0) or (0, =) gr = +g2[(1 + cosh)e'?sin @' + (1 — cos ') sin ]
M+ = (+,0) or (0, =)z = —g7[(1 —cosB)e?sin @ + (1 + cosé')sin b]
M[—— (=, 0) or (0, +)]rr = +g3[(1 — cosB)e " sin§’ + (1 + cos 6') sin 6]
M[—= = (=,0) or (0,4)]zr = —g7[(1 + cosB)e™siné + (1 — cos ') sin 6]
M+ = (+,0) or (0, =) gt = —grgr[(1 + cosf)e®sinf — sin §(1 + cos )]
M+ — (+,0) or (0, =) r = +9rgr[(1 — cos 9) ““sin@ — sinf(1 — cosd')]
M[—= = (=,0) or (0, +)|rr. = —grgr[(1 —cosf)e™"’sin @ — sinH(1 — cos§')]
M[— = (=,0) or (0,+)]Lr = +9rgr[(1 + cosf)e™?sin ' — sin O(1 + cos §')]

PV 9.9 ¢ Y . . . s D0 . . .
4(g% + g3)*[1 — cos® B cos® §' — cosfcos @' sin @ sin @ cos ¢] + 4(g7 — g%)* sinfsin & cos &



Ang. Integrated Oscillation

2md N+ 1 1 , 92 (g% — g%)* .
——— = — [l F =cos(o+20) + —L TR — cos(o + 20)
Ndo 2 8 & ) 128 (_(]I% + _(/}2{)3
(97 — 95 (91— 9297 — %)
(67 +92)? (91 +9R)(dL +9'R)

SM Z Z background 79 tb

For 100 fb~! luminosity at the LHC, if we require the

ratio of the signal S to the statistical error in the background v B to be 5
we need a o(ZZ) about 70 fb for a 240 GeV 7’ .

In the Littlest Higgs Model with T-parity, the predicted
total cross section for T-odd particles, will be 1.3 pb.



Conclusion
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