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Intro: the Heavenly Attraction
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§I§th€ beginni createdthe heaven
e eart Matter (?)

Matter! — Genesis 1:1 (KJV)

Antimatter: 0%
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CPV & BAU (& U): The Sakharov V|ew

* Baryon Number V iolation
* CP Violation o
* Deviation from Equilibrium
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Sakharov Stimulated by ...

Discovery of CP Violati

* Phys. Rev. Lett. 13, 13B (1964)

PHYSICAL REVIEW LETTERS

VoLUME 13, NUMBER 4

d.

27 Jury 1964

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

1980 Nobel

J. H, Christenson, J. W, Cronin,} V. L. Fi'u':h,I and R, 'I‘urlatf,r§
Erinceton Universitv, 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
served!"? to set an upper limit of 1/300 for the
fraction of K;"'s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this 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

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 Kp3 decay
leads to a distribution in m* ranging from 280
MeV to ~536 MeV; the K3, from 280 to ~516; and
the Ky3, 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, #, between it and the
direction of the K.” beam were determined. This

IEE) 2x10°3:TooSmall .... for Sakharov!
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Particle CPV
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A=A1 4+ A> = a1 + ase

A=A + Ay = a1 + apdP2e 192

qop _TBY = -T(B = f) _
F(BY— ) +T(B%— f)

CP Asymmetry needs both CP Conserv/Violating Phase



Kobayashi-Maskawa Model (1973)
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Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1977)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation

are studied. It is concluded that no realistic models of CP-violation exist in the guartet
scheme without introducing any other new fields. Some possible models of CP-violation are

also discussed.

Purely Real
Rotation

field corresponding to U(1) which is irrelevant to our discussion. With an ap-

propriate phase convention of the guartet field we can take [J as
( cos sinﬂ)

—sinf cos@

(6)

Therefore, if ["=0,no CP-violations occur in this case| It should be nots J'

however, that this argument does not hold when we introduce one more fermi

doublet with the same charge assignment., This is because all phases of elemen
of a 3 X3 unitary matrix cannot be absorbed into the phase convention of s

fields. This possibility of CP-violation will be discussed later on.

CPV George W.S. Hou (NTU)
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KM Model:2x2->3x3
™

u C t
I SI _b

—
3x3 Rotation!| PLUS ... -’

ponents, respectively. Just as the case of (A,C), we have a similar expression

for the charged weak current with a 3x 3 instead of 2x2 unitary matrix in Eq. d
(5). As was pointed out, in this case we cannot absorb all phases of matrix d’
elements into the phase convention and can take, for example, the following

expression: 3 “Generations”

cos f, —sin f; cos 0, —sin {, sin f;
sinfl; cosfy cos 0, cos B, cos f;—sin B, sin fe*’) cos 0, cos @, sin @+ sin @, cos ; t L: u Charged Current
L , , , , , s ©
sin f; sin 6, cos 6, sin 6, cos s+ cos B, sin (e ) cos 6; sin @, sin 65— cos 6, sin 6
(13) W g
Then, we have CP.violating effects through the interference among these different .] u W -
current components, An interesting feature of this model is that the CP-violating
effects of lowest order appear only in 45+0 non-leptonic processes and in the
semi-leptonic decay of neutral strange mesons (we are not concerned with higher ,’S:d'

states with the new quantum number) and not in the other semi.leptonic, 45=0
non-leptonic and pure-leptonic processes. J) LLR Paris, Feb 9,
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Complex Dynamics: KM Sector of
SM

only charged current interactions change flavor

U,
w
J, W-
g Vij
di Wolfenstein parametrization
V., V. 1 —\2/2 A AN (p[= 1]
V= Vg Ve Vo | = —A 1 —\2/2 AN’

i) Vie Vi AN(1—pFT)  —AN 1
3x3 “Rotation”

Unitary Need presence of all 3 generations
to exhibit CPV In Standard Model

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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KM CPV Confirmed ~ 2001

the MOMA plot
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The Nobel Prize in Physics 2008

“for the discovery of
the mechanism of
spontaneous broken
symmetry in
subatomic physics"

Photo: Universtity of Chicago

Yoichiro Nambu
D 1/2 of the prize

USA

Enrico Fermi Institute,
University of Chicago
Chicago, IL, USA

b. 1921
(in Tokyo, Japan)

“for the discovery of the origin of the

broken symmet¥ which predicts the
existence t least three familie

guarks in nature"

Photo: KEK
Makoto Kobayashi
(& 1/4 of the prize
Japan

High Energy Accelerator
Research Organization
(KEK)

Tsukuba, Japan

b. 1944

Photo: Kyoto University

Toshihide Maskawa
& 1/4 of the prize

Japan

Kyoto Sangyo University;
Yukawa Institute for
Theoretical Physics (YITP),
Kyoto University

Kyoto, Japan

b. 1940

CP Violation
iIn SM

natmurenews

7 October 200¢

The Belle detector in Japan helped to
Sonfirm the svmmetry breaking effects
predicted by theoretical physicists.

KEK

B Factories
(BaBar & Belle)

George W.S. Hou (NTU)

LL |-'ar|s Fep v,


http://www.ntu.edu.tw/chinese/PageN.php

Wolfenstein Parametrization to O(A5)

(=
1 —1x2 -1\ A AN (o)
A+ AZN3 (] - p*!_—_z?j) I — 2N — (5 +3AHN AX
AN(1 = p[=7n] AN AN — pi—am) 1 — AR\

:VudV:;) tV, V b T thth =0 /

V.V V.V 4V =0

N.B. geometric picture
CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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CPV so far only observed in KM ...

* Nontrivial CPV Phase: A (area)
Nontrivial V4 V., +V. V., +V,,V, =0

* All like-charge quark pairs nondegenerate,

Otherwise - Back to 2-gen. and CPV vanish

T — (m2 — m2Vm2 — m2m2 — m2Vm2 — m2Vm? — m2Vm? — m2) A
(my; —mg J(m; —mg ) (m. —my ) (my —mgl(m, —m,)(m; —my)

Jarlskog Invariant (1985) for CPV

I det [m WMl my m";ﬁ]

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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b - d transitions consistent with SM

U b - s: the Current Frontier ]
the MCI)MA plot
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George W.S. Hou (NTU) LLR Paris, Feb 9,
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A Real Hin, ... or Not !?
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Belle 2008 Nature: Simple Bean Count

CPV
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George W.S. Hou (NTU)

4.40

MATURE| Vol 452 20 March 2008

b-»s CPV

Difference
Is
Large !

And Established

| Belle + BaBar (+ CDF)

LLR Paris, Feb 9,
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The Belle Collaboration: S.-
Aihara® K. Akai®, K. Arinstei
Balagura’, E. Barberio'®, A. 8

Equal amounts of matter and *Il

Equal amounti
been produ

ation of antimatter is the noncog I

of charge-parity {{:P}I symmetry. bo far, two types |‘

been produced in the Big Bang,
clearly matter-dominated. One {
standing this elimination of ant
of charge-parity (CP) symmetry.
have been observed in the neutrall
systems: CP violation involving

have been observed in the neutral] K meson {EE"}I and B meéson (5 }I
systems: CP violation involving [the mixing? between K" and its
antiparticle K (and likewise®* figr B and B"), and direct CP viola-
tion in the decay of each mesonf *. The observed effects for both
types of CP violation are subsfantially larger for the B’ meson

antiparticle K (and likewise™ f{f§ system. However, they are st | consistent with the standard

tion in the decay of each meso

types of CP violation are subs
system. However, they are sti
model of particle physics, which

model of particle physics, which bas a unique source” of CP viola-
tion that is known to b k to account for the matter-
dominated Universe. Here we report that the direct CP violation

tion that is known to be too sm

dominated Universe. Here we ref] counterpart. The direct CP-violating decay rate

in charged B*— K*n" decay isdi
counterpart. The direct CP-violat
(that is, the difference between th
event versus BY =K' #" events,
events) is measured to be about
reduced by a factor of 1.7 from

in charged B*— K—n" decay is different from that in the neutral B"
ymmetry, A g qo
rved B~ — K n"
sum of these
rtainty that is

(that is, the d ifference between thie number of
event versus BT =K' x" events, normali
events) is measured to be about 4+7%0, w
reduced by a factor of 1.7 from a p
ever, the asymmetry A, : .+ for B”

ever, the asymmetry 4+ + for
the —10% level™. Although it i
effects that need further clarifi
CP violation between charged
be an indication of new sourc

the —10% level™. Although itiss 0(\ o 'ntr:ra-::tiun

effects that need further clarificatios

CP wviolation between charged and nedtral FEon decays could
be an indication of new sources of CP vlulatlun—whlch would

help to explain the dominance

help to explain the dominance of matter in the Universe.
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It would seem that we are well on the way to
understanding the basis of particle-antipar-
ticle asymmetry in the early Universe.

In fact, we are not. The KM predictions
depend crucially on the masses of the inter-
mediate-mass s and ¢ quarks. But the high
temperature of the Universe just after the Big
Bang makes these masses irrelevant in calcula-
tions of the cosmic-matter excess. The degree |

_ofasymmetry predicted by the KM modeNs |

en orders of magnitude too small. ‘:ﬁizﬂ;‘é‘f&iz:ﬁ‘i

aince then, evidence acoumuated by Bapar
and Balla, in a data set of morethan 1.2 hil-

e &
dndm-:lh llwnmmllo electric charge. OVer  jneractions, quarks change bype by exchanging lin B-mason decys, has boen used 1o Hxt

dnlmuldr}.qurllxln:ﬂul|11.il|.or—h.u.1|1¢1||l'| process (shown hen: rog kel losrer=T 1

& diagram of weak gquark-mixing

thia past 20 years, the theorles of the weak and — a pair of particles, for examiple a ey bop L twocruictal parmisters of the B2 theory Lodn
stromg nuclear forces that have been bulllup quarkand a W bason, theintermediary of the accuracy of about 5%, Compleamentary m

i1 this basts bave passed numerous rlgorons— wetk e, Hen, a B mesan (quarkcontent sirements from ather processss nvalvin
experlmen ] tests, The mathematlcal form b comensinto a 1 (Bd). 5 In a penguin B mesons'® ' have confirmed these param-
af thess thonees allows ittle space for nter-  Process. e change ofquark type cccurs viaa alars Lo accuracles of hetween 10% anil 20,

actions that treal paticles and antiparticles  Faricls loop, which conneclsviaa boson fwavy
line; a gluon, g, gives a ‘srorg penguin’; a

lifferently. an ‘electroweak peng uin; yis aphoton) oa
And yet the Universe, as far oS We Can g ey particle. Here, foresumple, a B_or i
500, |5 made of matter, not of anlimattessee coyld be decaying inte a K (0] or E'ia:].plus
o0 o sgnals af the matter-antimalter annl- wsadditional u or d quark that com hines with
hilation that would happen cn the edge ofour  he wordsaatiqerkin the B imeson. The ather
local regiom If onby this reglon were dominated.  end prodoct iswsCpartide, which cin b

b matter. 5o d1d the tnital conditlons of the quark conlent unar dolg hath penguinand
! box pocesses, the particl s Rysmsented by the

Eig Bang perhaps confain more matier than 3 mrticles T
PV antimatter? 1t 1s possble. But in Inflaticnary h“l"'f 'I'JF‘“["llmfj“"duF_::i'z - be -
cosmology, the modal that has successfully 10 SISISCOvTEE BRI pariicks Recenil Isiig

(TRIYEE

el euotic
the Unjverse,

al iuark ywere known:
drange (s, Bul In the
Jree mare ware dlsco-
the heayy pottarn (b
s astounding success
Al specific experiments
C—antlquark pairngsn
Mes 15 a bauark\ce Bantl-
2 Knl'uu.whl Maskawa

seem thal we are wa
understanding the basls of particle-antipar-
Hile asvinmietne in the arby Unlversa,

In facl we are nol. The KM predictons
iapand crucially on the massss ol the nter-
meidlabe-mass s and © quarks. Bul the high
lerparatiene of the Unlvarss Just afler tha Blg
Bang makes these masses irrelevant In calcula-
Hins of the cosmlc- e lar axcess. The degrea
of asymmetry pradictad by the K& miedel is

an the way Lo
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The Lore/Lure that Despairs the Experimenter
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The Abyss: CPV in KM and ‘
B.A.U. The Lore =

"o TB=(62£02)x10" KM ~ 107

Y 4 WMAP :
Too Small in SM
Jarlskog Invariant in SM3 (need 3 generation|in KM)

.j ; 2 Ty 2 D ; 7 D 2 o 2 2
(my —my ) (m; —m; (¢ y, —my)imy —m ), 4 my)A

Normalize by T ~ 100 GeV = [.J/T12 ~ 10=%

EW Phase Transition Temperature Masses too Small !
~V.e.v.

A ~ 3x10_5' in_SM _
IS common (unique) area of triangle

/\C PV Phase Small, but not Too small
— e >

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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(u,d)s,c,b
quarks too light

,/ V._e.V.
de se be :
|
(large angle MSW) e S t.l
|
ViV eV ee ue Te |
!
= 3 4] . = )] —
© ® < < ® ® @
o < < < < <
CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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NEWS & VIEWS

Wisdom from Peskin on AA,

“hadronic”

. CPVtion from aiCexotic loopis required. There}.

b quark or its antiparticle. The lighter d or d
does not participate. Given this fact, one would
expect that replacing the d or d in the B meson
by the similarly light u or t would produce
the same asymmetry. But Belle observes that
theequivalent decays of the mesons correspond-
ing to those quark compositions, B* - K'n” and
B- = Kn°, have an asymmetry of the opposite
sign. Together with the same asymmetries
recently announced by BaBar®”, the effect
has a statistical significance greater than five
standard deviations — the ‘gold standard’
of particle physicists for proof that an effect
is real.

Unlike the decays of the neutral B mesons
B” and BY, the decays of the charged B mesons
B*and B~ produce two u quarks or antiquarks.
This means that other processes that preferen-
tially produce u quarks rather than d quarks

might affect the asymmetry. The electroweak
penguin is just such an effect — but to alter the
asymmetry, thi nust differ from the
standardCelectroweak penguindwhich affects
the decay rates symmetrically. A contribu-

are admittedly other possibilities that might
explain the anomaly in the asymmetry: a direct
weak-interaction decay process, the so-called
Colour-suppressedcontribution, also has the
required pmpertief this contribu-
tion depends on the quarks involved. In decays
of mesons containing the ¢ quark, it is substan-
tial. For the heavier B mesons, however, it is

indeed expected to be suppressed.

The new results ™ are not conclusive, but
they are tantalizing. They might be due to prop-
erties of standard b-quark weak interactions
that we cannot guite vet estimate precisely,

but it is equally possible that this is the first
hint of an entirely new mechanism for
particle—antiparticle asymmetry. In the next

few years, these ideas will be tested, both
through the analysis of the huge Belle and BaBar
data set, and from the hunt for exotic particles
at the LHC. We do not yet know whether it is
penguins or even more unusual creatures that
produce our Universe made of matter and
not antimatter. B
Michael E. Peskin is in the Theoretical Physics
Group, Particle Physics and Astrophysics, SLAC

MATURE|Vol 452|120 March 2008
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M. Peskin (private communication)

“I must say that | am very skeptical that the new Belle result is new
physics -- a larger than expected color suppressed amplitude is an
explanation that is ready at hand. On the other hand, | felt that it was
necessary to push the new physics interpretation when writing for the
Nature audience, people outside of high energy physics, because this
is why the result is potentially newsworthy.”

* i V] i R g YA
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Mixing-dep. CPV in B, and B, in SM

DVuquLl])
ViV b - d VeV S
' S —— L Sy ————————— L R >
o o - .
“VeaVo VBY"Z\ b - S
sin2q =sin2f3 sin2d, =-0.04 in
Measured by Belle/BaBar SM3sure in B; 2 J/Wo@
In By 2 J/WKg “possible only at LHCb”
* Recent Hint @ Tevatron
sin2®, < 0 !! (=< 3q)

* Consistent with 4th generation
Prediction from AA, .

* BSM w/o hadronic uncertainty
iff true.
* Sowhat!? The 10°%° Abyss ...

George W.S. Hou (NTU) LLR Paris, Feb 9,
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Il. AAy,.Problem — Z Penguin and t’ Loop

Just when A S, “disappeared”...

aCcoOlIgc vv.o. NnoOu (N1 U} LN F4dlls, reco g, |
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Saga Towards Belle Nature Paper ...

A.(B - K*1°) Saka

D — = 90F > 90
275M BB 3 oo 3 oof —
BELLE v 70E o 70FE K 71T
New B 60 @ 60F
@€ = a S
‘= 50F ‘= 50F
< 40E S 40F
L 5 L
K2mPl: 728 +53 30L S0E R
20 20 p--Uon AN L
10F 10 .- . L
o B b Dﬂ'____:..:ﬂw—b—v&r-.._........l..
20.25 0 0.25 0.25 ) 0.25
AE (GeV) AE (GeV)

A (Kzm®) = 0.04 + 0.05 + 0.02
hint that ACP(K+7T ) - ACP(KiTlo ) ? (2.40) | [also seen by BaBar]

) d
Large EW penguin (Z°) ? fHx< - m

New Physics ? b - S
B- EL]““{;“; K-
u u

ICHEP 2004, Beijing



Belle 2004 PRL: Seed

Y. Chao, P. Chang et al.

— The partial rate asymmetry A p(K*77) is found to
g be —0.101 = 0.025 = 0.005, which is 3.90 from zero. The
significance calculation includes the effects of systematic
uncertainties. Our result is consistent with the value
reported by BABAR, A p(K"77) = —0.133 £ 0.030 =
0.009 [7]. The combined experimental result has a sig-
nificance greater than 5o, indicating that direct CP vio-
lation in the B meson system is established. Our measure-
ment of A p(K"7Y) is consistent with no asymmetry:

the central value is 2.40 away from A p(K* 7). If this
%A result 1s confirmed with higher statistics, the difference
Q may be due to the contribution of the@trmveak @
guin diagram or other mechanisms [16]. No evidence of

[16] A.J. Buras, R. Fleischer, S. Recksiegel, and F. Schwab, @
hep-ph/0402112; V. Barger, C.W. Chiang, P. Langacker, 7
and H.S. Lee, Phys. Lett. B 598, 218 (2004).

S
&
N

S

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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The Crawlin’ of one Ant

Going Up a
Hill ...
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My first B paper

WSH, Willey, Soni

VOLUME 58, NUMBER 16

PHYSICAL REVIEW LETTERS

20 APRIL 1987

an by Inami and Lim,” and we follow their notation. The effective Lagrangean arising from Fig. | is

L% =226 oG Gy, Lb ) Ty, L) — 5§ (F{ 4 2C7) (5y,Lb ) (Ty,d)

— s F515i0,,(q./q %) (mgL +mp R)YB) Ty, d )},

L5 ==22Gpxv D; (Fy,Lb) (vy,Lv),

where ¥ =g?/16n°, v; =V{ Vi, i is summed from 2 to n (where n is the number of generations),'® s, is the sine of the
Weinberg angle, and we exhibit !

(_-'-':EEGH_FC-IM" ,

ﬁ-r Eﬁff+}5ﬁhux

wherand m; is the internal quark mass. The important feature of Egs. (3) and (4) is the term x;/4,"
-3 . —

\ 4

(1)
(2)

dimensions
3 X _é X
i x; — 1 Inx; 4 X — 1’ y Z {3J
3 x,-{x,- -2) 30X 2 2
- ™t IE T aGrp < Gpm “w

Y, Z

b W s
W

q q

CPV

George W.S. Hou (NTU)

10 — -
— b—s'l” e
_ ~=-ph—sspi B
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LLR Paris, Feb 9,
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Nondecoupling

Decoupling Thm: Heavy Masses are decoupled in QED/QCD
" Appear in Propagator

\

. . A%

Nondecoupling: Yukawa Couplings Ao Appearin Numera\@ﬁﬁ‘\
; &

Subtlety of Spont. Broken Gauge Theory

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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The Crawlin’ of one Ant

Going Up a
Hill ...



http://www.ntu.edu.tw/chinese/PageN.php

4th Generation Still?

- N, counting? 4th “neutral lepton” heavy

- Disfavored by EW Precision (see e.g. J. Erler hep-ph/0604035; PDG06

An extra generation ol ordinary fermions is excluded at the 99.9949% CL on the basis
Borameter alone, corresponding to Np = 2.81 £ 0.24 for the number of Tamilies.
Cassumes that there are no new contributions to T or [7 and therefore that
Winilies are degenerate. In principle this restriction can be relaxed by allowing

July 14, 2006 10:37
10. Electroweak model and constraints on new physics 37

_ s well, since 17 = 012 expected [rom a non-degenerate extra familv., However,
e Mirrently favor 7' < 0, thus strengthening the exclusion limits. A more detailed
§ required if the extra neutrino (or the extra down-type quark) is close to

Sldnass limit [208]. This can drive S to small or even negative values but at

the expense of too-large contributions to 7. These results are in agreement with a fit

to the number of light neutrinos. N, = 2.9586 + 0,007 (which favors a larger value for

gl My = 01231 £ 0.0020 mainly from FHy and 7). However, the S parameter fits are
valid even for a very heavy fourth family neatrino.

* 4th generation not in such great conflict with
EWPIT

BliR, Paris, Feb 9,
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This is Still the Standard Model
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Ao = Vi Vi = g ']

, Arhrib and WSH, EPJC’03
Lt Vi ltot, t|
b = > S

- (c, u)
BS we oW BS X+ Ao+ N +@— 0

Pe = e N

d
@ PHJF< a L Nondecoupling of t’
CPV Phase V7 Vi
B" W K- -_-_‘{t?_/;f_b_______ >/
u Vcﬂjsvcb

u
M,, O fg B {228, (&, 1) +2A & LS, (t,1) =S, (£,D)]
+‘t2—£0 (t,£) =25, (t,¢ ) +S;, (L ,D)] }

GIM Respecting
HA = G—\/E Au (C101 + C205) + Z (ACt ENy(CY — DO,

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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EWP/Box Sensitivity to 4th Gen.

Y, g less sensitive

Ccé — C§ X Tt — Ty

nondecoupling

ASY =S, (t,t )= S, (t,1)

ASY =S, (¢ )+S,(t,t)—2S,(t,t ) 1

0" /55

huin

T T T T T T T O O O O

250 300 350 400 450 500
mi  eV]

CPV

George W.S. Hou (NTU)

LLR Paris, Feb 9,
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AA =A, ,-A. ~15% and Po’

I—O PQCD ® 4th Gen' WSH, Nagashima, Soddu, PRL’05

0.05 ——
‘ AA =12% vs 15% (data)
d
m,, =300 GeV ; _
(illustration) R d
SR _ Lt S
0 90 180 270 360 B |44 K-
bs u u
b » :_tat”"‘?s » S
_ (c, u)
B, wg W B,
_ (c, u) _
S + . b
Vs

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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PRL 95. 141601 (2005) PHYSICAL REVIEW LETTERS

week ending
30 SEFTEMBER 2005

Difference in B™ and B® Direct CP Asymmetry as an Effect of a Fourth Generation

Wei-Shu Hou, Makiko Nagashima, and Andrea Soddu

Department of Physics, National Taiwan University, Taipei, Taiwan 106, Republic of China
(Received 8 March 2005; revised manuscript received 20 June 2005; published 30 September 2005)

Direct CP violation in B — K 7~ decay has emerged at the — 10% level, but the asymmetry in B® —
K*#" mode is consistent with zero. This difference points towards possible new physics in the
electroweak penguin operator. We point out that a sequential fourth generation. with sizable V© V.,
and near maximal phase, could be a natural cause. We use the perturbative QCD factorization approach for
B — K amplitudes. While the B — K™ 7~ mode is insensitive to r', we critically compare t' effects on
direct CP violation in BY — K 7" with b — s£ "¢~ and B, mixing. If the K" 7" — K* 7~ asymmetry

difference persists|we predict sin2dg to be negative @)
aj. 1o

(b) 0.

P 28 E

As prediction, we find sinztllﬂi << () for CPV in B, mix-
ing, which is plotted versus &, in Fig. 3(d). We find
sin2d, in the range of —0.2 to —(0.7 and correlating
with A ;. _o — A ... Three generation SM predicts zero. b
Note that refined measurements of ‘B{.’: — .-:ff'} and future @

20 £

(=g 11] %1
B (=] (=] m
L]

'\.“-

Ll

»

#

’#
P L L

Ampe (17p8)

i

measurements of Amy and sin2®, , together with theory (
improvements, can pinpoint mp, r,, and ¢,. We note
further that [6] 14.4 ps~! < Amy <21.8 ps~! cannot
yet be excluded because data are compatible with a signal

in this region. We eagerly await B, mixing and associated
CPV measurement in the near future.
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AA =A, ,-A. ~15% and Po’

0.05

LO PQCD (-B 4th Gen

t-‘“‘

m, =300 GeV
(illustratior

e\\elBaB

Joining C & [

, Mishima, Nagashima, PRL’07

WSH, Nagashima, Soddu, PRL’05

AA =12% vs 15% (data)
Z

r— 0.03: red, dash
0.02: blue, solid
0.01:

Cbsb

d)sb

AA =~ 15% | AS =-0.11 consistent

- with data
Both AAand ASln |ght Direction ! ]
; T 0.5 ¢ /\

\“\.__—‘¢,'L: = . : N SM3 in ut

‘A*' L 0.7 W - P

ko . E
‘ ‘ R R B 0.H & ! ! ! ! ! .
50 120 180 240 300 360 0 60 120 180 240 300 360

CPV

George W.S. Hou (NTU)

LLR Paris, Feb 9,
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4 x 4 Unitarity

“Typica| ” CKM Matrix WSH, Nagashima, Soddu, PRD’05
m,. =300 GeV

N ~ -~ ,th
/ 0.9745 0.2225 - \

4 _
Voku =

0.0\~ —0.0555 ¢~ 125" 0.9746 0.2168 ¢~ 1"

\ <0.0044 t‘:‘_EE ~0.1136 """ 0.9688 /
\/
d S
/”I
b.s VvV,  _.-" I b - d
ts tb’/ I 0
_- ViV,
_ s tb 0
VDV g X ~0.22 'd" th
w b vy vV VD
csch cd " cb

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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b s CPV
l1l. Amg Measurement — Prediction for sin2®;_

agcolgc vv.o. NIOU\NWIVY) LLANF4dll5, reco g, |
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Mixing-dep. CPV in B, and B, in SM

Vud Vub

VUS Vqu b - d Vcs Vc% S
S — e ——— e >
0, o "~ .
_Vchcb VBYI’Z\ b - S
sin2¢ =sin2f3 Tsin2¢0, =-0.04 in
Measured by Belle/BaBar SM3sure in B; 2 J/Wo@

in By > JIWKq

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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Prediction: Large CPV in B, Mixing

vV, Vbt

[]
tb

ts th
No Hadronic Fin2¢BS~ —0.5_(}34—&7 ,
Stren tnUar: rc‘grtballznéyo.ﬂm LW Despite Amg,, B(b - sll) SM-like
g B WSH, Nagashima, Soddu, PRD’07

PRL’05

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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B, Mixing vs B - XJ/°1"

different nondecoupl. functions

V
Large CPV in B, Mixing

arge CPVin b&as eorge VW.>. Aou (NIU) |  CDF/DO 4/1Z/0/ |
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Use nominal m, = 300 GeV
Change m.. , Change parameter range
Effect the Same.

(Similar)

Large CPVin ba2s George W.S. Hou (NTU) | CDF/DO 4/1R2/07
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Apr = Vi Vi =rg e’ Wl

WSH, Nagashlma Soddu, hep-ph/0610385 (PRD’07)

17" HFAG 10 range ™\

60 120 180 240 300 36 Despite Amg_, B(b - sll) SM-like

Cbsb

l* Fixed ry, = Narrow @, Range

destructive with top

|* Forr, ~ 0.02 - 0.03, [V, ~0.0

), Range ~ 60°-707F
Finit

Phase

Consistent w/ B(b - sll)

Large CPV Possible !

Large CPVin b2s

George W.S. Hou (NTU) CDF/DO 4/1R2/07
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Apr = Vi Vi =rg e’ Wl

WSH, Nagashlma Soddu, hep-ph/0610385 (PRD’07)

17" HFAG 10 range ™\

60 120 180 240 300 36 Despite Amg_, B(b - sll) SM-like

Cbsb

l* Fixed ry, = Narrow @, Range

destructive with top

|* Forr, ~ 0.02 - 0.03, [V, ~0.0

), Range ~ 60°-707F
Finit

Phase

Consistent w/ B(b - sll)

Large CPV Possible !

Large CPVin b2s

George W.S. Hou (NTU) CDF/DO 4/1R2/07
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Prediction: Large CPV in B, Mixing

B.\/Bp, =295+ 32 MeV

.| B, Mixing Measured
, .
#| @ Tevatron in 4/2006
|* Forry, ~ 0.02 -0.03,
), Range ~ 60°-707
Einit
Phase

[V, ~0.0

rSin2¢Bs - _0-5 - _O

]

7|
-0.04 SM

U 60 1201802403003 6 0 Despite Amg_, B(b - sll) SM-like
Cb Sb WSH, Nagashima, Soddu, PRL’05

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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Prediction: Large CPV in B, Mixing

@g’)
N

r|Can Large CPV in B, Mixing
' | Be Measured @ Tevatron ?

Sign Predicted ! Sure thing by

..... HCb c (?)
rsin2¢Bs ~-0.5--0.7 \
| - -0.04 SM

U 60 120180440 500 360 Despite Amg_, B(b - sll) SM-like
Cb Sb WSH, Nagashima, Soddu, PRL’05

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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]

rsin2¢Bs~ —0.5 - —0.7J

—

WSH, Nagashima, Soddu, PRD’07

PRL'08

arXiv:0712.2397 [hep.ex]

CDF Run Il Preliminary L=1.35fb’

- 06
0.4

- — 68% C.L.

— 95% C.L.

—— SM prediction

(already in 05)

PRL'08
arXiv:0802.2255 [hep.ex]

Observable 68% Prob. 95%

Prob.

- e e | |\>

oB.["] -19.9 + 5.6| o=

UTfit

-68.2 £4.9 [-78.45.-

O —a J 1L—7

58.2]

arXiv:0803.0659 [hep.ph]

~2.80

Incredible ! ! !

CPV

George W.S. Hou (NTU)

LLR Paris, Feb 9,
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An Updated Measurement of the CP Violating Phase ﬁf”"b‘i’

The CDF Collaboration!
CDE/ANAL/BOTTOM/PUBLIC /945%

Version 1.0
August 7. 2005

[t is interesting to note that the Belle and BABAR collaborations have observed an asvmmetry between direct C'F
asvinmetries of charged and neutral B — K7 decays with S significance [5, 6], In the absence of an under-estimation
of the contribution from color-suppressed tree decays, it is difficult to explain this discrepancy without some source
of new physics contributing to the electroweak penguin which governs the b — s transition.In the standard model.
this isospin-violating diagram should be highly suppressed. but if a new source ol physies is indeed present in these
transitions it may be enough to cause the different C'F asyvmmetries that have heen observed.. In the Hg — J/b e
decay, the b — s transition oceurs through the mixing box diagram shown in Fig. 1. It 1s possible that new particles
could enter this transition through the b — s quark transition. While there are surely a number of possible sources
of new physies that might give rise to such discrepancies, George Hon predicted the presence of a ¢ quark with mass
between ~ 300 and 1,000 GeV/c? in order to explain the Belle result and predicted a priori the ohservation of a large
C'P-violating phase in BY — J/¢ o decays [T. 8]. Another result of interest in the context of these measurements is
the excess observed at ~ 350 GeV /e in the recent ¢ search at CDF using 2.3 th=1 of data [9]. In this direct search for
a fourth generation up-tvpe quark. a significance of less than 2 1s obtained for the discrepancy hetween the data and
the predicted backgrounds, so that the effect, while intrigning, is presently consistent with a statistical fluctuation.

) - " m o - __r {1 " "
A updated search with more data would also clearly be of interest, particularly if a large value of 53 e persists with
the addition of more data.

s Vie W b

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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sin2®Pg = -sinf; =sing,

(Conservative) oUtlO0

% of CDF ‘clones’ that would observe a 50-effect, as a function of 3s

Assumptions

v Col @ |C|ency

v No analysis improvements.

v No external constraints (A,
lifetimes) used.

o
no

Probability of 50 obs

04 05 06 07 08
Bs

CDF future will probably be better
than that.
--- 8Ifb (~2010)

And D@ will contribute too. --- 6/fb (~2009)

CKM2008 - September 11, 2008 D. Tonelli- Fermilab
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P

Ly > _
Instead flipped C, ...

BELLE

d4 ; ) 1
s _[ Re(C57Ch0 WA, + =2 Re(CH Cip VT, (1 rirgs) + AT, (L4 i )1}
5 5
W.-S. Hou, A. Hovhannisyan, and N. Belle 657M  arXiv:0810.0335
Mahajan, PRD 77, 014016 (2008) BafS o T YOeH)
12F S -
B complex wilson coefficients 1 S G

——SM

- - —-4th generation (SM4)

—|—2fb'1 MC study of LHCb
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IV. Soaring to the Heavens: Enough CPV for BAU?

If ... KM4

PV eorge W.S. Hou (NTU R Paris, Feb 9,
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B.A.U. from CPV in KM ?

"o TB=(62£0.2)x10"" KM ~107

Y 4 WMAP :
Too Small in SM
Why? Jarlskog Invariant in SM3 (need 3 generation in KM)

. T\ D D e . S 72 2
J = (m; —m,)(m; —m_)(( 1y, — my)(my, —m; s - my)A

Normalize by T ~ 100 GeV = [.J/T12 ~ 10=%

masses too small !

A ~ 3x10_5' in_SM _
IS common (unique) area of triangle

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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*‘_.

B.A.U. from CPV._in K

&y
L7
v, % 5
’ i

ceV!

n
M8 —(6.22£0.2)x10™° KM eoO“g

y ny
WMAP
W

If shift by One Generation in SM4 (need 3 generation\ ) KM)

J |mf —m: umf —m? || —m3)(m; —m?) DA

ce
ﬂ @

']r,h-;_ij.:?...n ~ (_m:f_, —m?)(m? — m?)(m? — mf)(mf_, — mf_)(_mf_, —m2)(n

9 2 |
!HI,: HE! HE .
m? (mr ) m;mf 10 Galn
- J
jfm o Order 1 ~ 30
Gain mostly in Large Yukawa Couplings '] :\l:tllxre wo::gi "
w0 ikely use this !?

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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The Abyss between CPV in SM3 vs BAU
bridged in SM4 by Heaviness of t’

and b’

Why wasn’t this clearly
pointed out in past 20 years?

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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4th Generation Still?

- Disfavored by EW Precision

(see e.g. J. Erler hep-phl/0604035; PDG06

An extra generation ol ordinary fermions is excluded at the 99.9949%, CL on the basis
B ameter alone, corresponding to Np = 2,51 £ 0.24 for the number of famil
Nossumes that there are no new contributions to 7" or 7 and ]

W ilies are degenerate. In principle this restrictj

s on new physics 37

rom a non-degenerate extra family. However.,
= U, thus strengthening the exclusion limits. A more detailed
—equired il the extra neutrino {or the extra down-tyvpe quark) is close to
Ceoflediss limit [208]. This can drive S to small or even negative values but at
the expense of too-large contributions to 7. These results are in agreement with a fit
to the number of light neutrinos. N, = 2.9586 + 0,007 (which favors a larger value for
gl My = 01231 £ 0.0020 mainly from FHy and 7). However, the S parameter fits are
valid even for a very heavy fourth family neuatrino.

* 4th generation not in such great conflict with
EWPIT

CPV

Geord&ribs,. Plehi,T8pannowsky, Talik, Paris, Feb 9,
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|Gain mostly in Large Yukawa Couplingsj *@“’

quadrangle from

comprehensive study
WSH, Nagashima, Soddu, PRD05 V.V [l

2

TS0 = (mi —m2)(mi, —mi)(m; —m?2)(my — m?) (M=

2 2 ]
”l"l,.: f”! f” .

)(n‘u‘r'“‘;.r —m
AR

¢ B
'
m,,, m, 1300GeV 10+13 Qnly fac. 30\ﬁ CPV per sg Q
~600GeV 1(0*15 This part will shrink a bit.

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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CPV for BAU: 2-3-4 Dominance

Jarlskog’85, 3 generations Jarlskog’87, n generations
Im det [??1.11;??1;, m dm{'{} —_— Im tr[S,S']’
S S’ “3 cycles”

] ] also Gronau, Kfir, Loewy ’87
4 generations: 3 indep. phases

long and short _
! ——— 2-3-4 generation only !
d-s degenerate

(on v.e.v. scale) Effectively 3 generations

o = (mi —m2)(mi —mi)(mi —m?)(mg, —m?*)(mz, — mi)(m; —m?) A3,

oMy (my ) my A3 ;
m2 \ m? mam? A

’

J(1,2,3) very small
suppressed by mg, m,

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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1st Order EW Phase Trans. for BAU

0803.1234 will appear in Chin. J. Phys.

Ran out of time, and knowledge ...

(perturbative) PRD’08
® Fok & Kribs: Not possible in 4th generation arXiv:0803.4207 [hep-ph]

* Conjecture: CouldStrong Yukawa's, do it ?
'

Beyond Unitarity Limit
arXiv:0901.1962v1 [hep-ph]

The strongly coupled fourth family and a first-order electroweak phase transition

(I) quark sector Not quite conclusive (?)

Yoshio Kikukawa,l:* Masaya Kohda,?*t and Junichiro Yasuda®:1

! Institute of Physics, University of Tokyo Tokyo 153-8092, Japan
®Department of Physics, Nagoya University Nagoya 464-8602, Japan
“Center for the Studies of Higher Education, Nagoya University Nagoya §6{-8601, Japan
(Dated: January 14, 20009)

In models of dynamical electroweak symmetry breaking due to strongly coupled fourth-family
quarks and leptons, their low-energy effective deseriptions may involve multiple composite Higgs
fields, leading to a possibility that the electroweak phase transition at finite temperature is first
order due to the Coleman-Weinberg mechanism. We examine the behavior of the electroweak phase
transition based on the effective renormalizable 'tul-tawa theory which consists of the fourth-family
quark&- and two SU{E] du:-uhlet nggs fields corpesponding fo the blllnear Dpﬁl’&tﬂ[“: of the fourth-

R Paris, Feb 9,
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Thoughts on the other 1/2 Nobel Prize

“for the discovery of
the mechanism of

spontaneous broken

symmetry in
subatomic physics"

Photo: Universtity of Chicago

Yoichiro Nambu
D 1/2 of the prize

USA

Enrico Fermi Institute,
University of Chicago
Chicago, IL, USA

b. 1921
(in Tokyo, Japan)

<6 Q> can Condense
by Large Yukawa!

Could EWSB be
due to b’ and t’
above unitarity bound ~ 500-600 GeV ?

b.ﬂ

Bob Holdom: N—J-L O
&

[Bardeen, Hill, Lindner tr in

Gustavo Burdman: “Holographic” 4th gen.

CPV

George W.S. Hou (NTU) LLR Paris, Feb 9,
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V. Direct Sighting @ Tevatron vs LHC

e CPY

agcolgc vv.o. NIOU\NWIVY) LLANF4dll5, reco g, |
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Tevatron/LHC Verification

o Ui\loc_?\‘ t\rBueS ™

Teva CDF Run 2 2.8 oY) |
- : 2 .l Preliminary
sin2®@g  “Evidence” by 2@ — F U-Wa, > 4 jets
=] T reco
i
“ObSGI’VG" by 2010 f) .50_1? observed J
¢ t’ SearCh OngOIng theoretical prediction
my > 311 GeV @ 95% CL 200 B‘_’"‘""a“a';; - 200 500
t' mass (GeV/c?)
LHC
* sin2®y_ “Confirmation” — “Easy” for LHCDb But when ?

’ ’

Glimpse of agenda at CMS

CPV

George W.S. Hou (NTU) LLR Paris, Feb 9,
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f: %
;3« By

Sighting

V|S|On ~ Early ,06%2‘3@1?‘;

4t generation? — Thejuryisout ...

In era of LHC, can Directly Search for b’, t’
Once and For All !

Find b’, t’, or Rule Out @ LHC
It’s a Duty.

Strategy Considerations ( # ¥ %% )

* Well shiidlcéédetrbinding ground — All Tools
= Move on to Greener Pastures ~ in 2 years

* Publighilehsly earlbarge Cross Section
- If “Limits”, then easy to publish

- If “Signal”, Lucked Out!

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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b’ Signatures

For my < mt+MW = 255 GeV

b’ - cW dominance for sizable V.
b’ - tW* dominance for suppressed ”

Q:iinematic suppressed for m, < 230 GeV
Initial discovery should consider

b" = cW ~ b" - bZ bH ~ b" - tW*

Cc(bar) WI; CWbZ: Vbt~ Bonus !

tc(bar)WW*:
tt(bar)WW*: tW*bZ: tW*bH:;:
/\/

Ol il = MiFriiy = 252 EEY Heavy Q related
b’ - tW dominance; FCNC searchable To EWSB ?

‘ tt(bar) WW — bb(bar) WW W*W~ | 4 W’s +2b’s

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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Available on the CMS information server CMS PAS EXO-08-09

CMS Physics Analysis Summary

2008/08/29

Search for Heavy Bottom-like|Fourth Generation Quark
Pair at CMS in pp Collisions at /s = 14 TeV

The CMS collaboration

PV eorge W.S. Hou (NTU R Paris, Feb 9,
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pp — b'b — HWTW™

100 pb~!

CPV

same-sign dilepton and trilepton

b Mass 300 GeV /o2 | 400 GeV/c? | 500 GeV /2
b'h" 1L.O cross section 34.9 pb 8.05 pb 245 pb
Expected signal yield (8.2 222 8.0
Expected background yield ?.H“LEI'I:JE'E
S12 700 200 0.0
Scp N/A 21c 0.0c

E 1':'2 T T T T T T T T T T T T T T T T T T

2

5 "fr-r,r,r.l CMS Preliminary

k&) wlo

@

W

w

w

o

o 10

(o

)

—1 Limit to 480 GeV
w/ 100 pb~!
.1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 IE[:]I:]I

300

350 400

450

h' mass (GeV/c?)
George W.S. Hou (NTU)

LLR Paris, Feb 9,
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\

% I %;‘
A

VI. Conclusion: Know in 3-5 Years [},

Fa

X .
g

,]r’fff.,hﬂ ~ (mf; —m?)(m?% —m?)(m? — m?_)(m:f_, — mf)(mf_, — mf)(mf —m?) {jil

2 2 L [yl
cmy (mp )y AS;
[ J—
2\ 2 2,2
m2 \ m; mim?

7 ~ 10*5 Gain
A\ 4

v Even if O (1
m,,, m, 0300GeV ](*13 venif (1)

) Enough CPV
~600GeV 105 for B.A.U.
. : ' sin2®y
Maybe there is a 4th Generation ! @ Tevatron
by 2010

Will Really Know in ~ 3-5 years @ LHC
—=> Heaven on Earth?

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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Universe (Genesis)

CPV BAU

Earth (EW + KM4)



Backup
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Matter (and More !!) Universe: No Antimatter

Heavy
elements:
0.03%

Composition
of the
Cosmos

' neutrinos:
0.3%

L\t 7N | Stars:
el 0.5%

| Free hydrogen
X and helium:

4 4%
Y2 T 7 Dark
b AR ' j matter:
Antimatter: 0%
oot B o s Mores ) Dark
= 4 ot -l enerqy:



Heavenly TH

“Affleck-Dine”, SUSY etc.:

Extra S Scalars,trongly) coupled to H’
Y
More Scalars!

Let’s first find One Scalar.

Leptogenesis:
Heavy Majorana Neutrinos
® LFV/CPV Decay
® B/L Violation (“EW Baryogenesis™)
Popular! Driving 0, study for neutrinos.

But, “Heavenly” — Could be(come) Metaphysics

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,



http://www.ntu.edu.tw/chinese/PageN.php

| in Dynamics: Source of CPV

“+

ElectroMagnetism: (everyone can feel
Charge e is Real
“We"” Understand: Gauge Charge is Real.

Imagine aComplex Coupling :

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

Quantum Interference in Amplitude More Interesting
n==> How CP Violation Appears



CP Violation Pl“ill_lEl“

A 2 A _ 2
‘?.::f‘ * ‘?.::f ‘
Anti Particle

Process -
A= A{ 4 Ao = a1 + are2¢192

Particle Process

L4
Q
Ld
Q
Ld
L4
Ld
0
., @
)
.~

g _T(BY =) -T(B = f) _ 2a1a2§N &
r(BO— ) +r(B°—f) a?+ a3+ 2a1ap 12 0S ¢ COS 62

CP Asymmetry needs both CP Conserv/Violating Phase

I () V] I avn
CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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+0,050+0.025-0.097+0.012. _ World /%,

Kn AB — K+T[O B - K+T[— N
=+0.147£0.028 > 56 Experiment is Firm

Why a Puzzle ? AA, -~ 0 expected

M(B° = KT77) x (T + P) = re'®3 + ¥

?
VoMt 0 — Myt~ (Pewy +C)

Large C? — A lot of (hadronic) finesse

Baek, London, PLB653, 249 (2007)

Large EWPenguin]? ™ fjeed NP CPV Phask
d

. _ T P.,, has practically
. _d no weak phase in
B- SM
= K-

u u
CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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+0,050£0.025-0.097+0.012,  World /Z%,

Kn ABﬁKanO _AB—>K+T[_ 2y @V

a;.;a

m-ﬂv

=+0.147£0.028 > 56 Experiment is Firm

Why a Puzzle ? AA, -~ 0 expected

M(B° = KT77) x (T + P) = re'®3 + ¥

?
V2Met 0 = Myt o (Peyy +7C)

Large C ? — > A lot of (hadronic) finesse
Baek, London, PLB653, 249 (2007)
Large|[EWPenguin[?——> fleed NP CPV Phas
‘_1 ° Pg,, has practically
d no weak phase in
B- ‘4th Gen. in EWP Natural‘
K nondecoupli

CPV George W.S. Hou (NTU) ng ) 9,
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On Boxes and Z Penguins

=—=>  GIM, charm, &

ety
$ ;\i( i=—>  small £'/e, K - 1wV (still waiting)
Z

> heavy top, sin2@/[3

[ 1"

SR R . m—> Zdominance for heavy top
. 1986 — 2002

=

sy

=
=

Most Flavor/CPV learned from these diagrams/processes

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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On Boxes and Z Penguins

Nondecoupling

> GIM, charm, &, " Large Yukawa!
.ot g
ety
: Ji% ——>  small €'/e, K - 1wV (still waiting)
z |
b . u,c,t . d
P —>_ heavy top, sin2@/p
et b . S - .
'Y’f;ﬁj<; WS v ; w~ .
w AT ; Z dominance for heavy top
- o - 1986 — 2002
All w/ 3-generations, J -~ __ > D!

t wait if th dth—
Just walt if there’s a b’ t’ @ LHC

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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4 x 4 Unitarity = Constraints

d S b b’

€12 €13 €14 €12 €13 $14 €XP [idgp)

U —13 512 514 524 €XP [—i(Pap — dsp)] c13 €24 512 . caa s13€X[ [—idu] 1314 512 504 €XP [ighe]
. —513 524 534 €XP [—i(Psp + Pup)] '
—C24 513 S14 534 €XP [—i(Pap + Dup)] 414 o4 513 534 €XP [—ichup)
—C14 €23 512 S M 3 —C23 512 514 €XP [iap]
—C12 €14 513 $23 €XP [Py €12 €23 €24 —12 513 14 523 €XP [i(Pap + Pup)]
C —c12 €23 514 524 €XP [—i(dap — Psp)] —C24 512 513 523 €XP [idus] €13 €34 823 +-c12 c14 €03 524 €XP [idss]
4512 513 514 523 524 €XP [—i(Pay — Db — ius)] —C13 $23 S24 534 €XP [—ig] —C14 812 813 523 $24 €XP [i(Dsp + Dup)]
—(C13 €24 S14 $23 $34 €XP [—idap) +c13 14 Coa S23 34
—C12 €14 €23 513 €XP [iys] —c12 €23 513 514 €XP [i(Pap + Pus)]
L +c14 512 523 —C23 24 512 $13 €XP [i¢hyp] +512 514 523 €XP [ias]
+c23 512 513 514 524 €XP [—i(Pap — Psp — LDus)] —C12 €24 523 €13 €23 C34 —C14 23 512 513 524 €XP [i(Psp + Pup)]
+-c12 514 523 524 €XP [—i(Pap — Psp)] —C13 €23 524 534 €XP [i¢g] —C12 C14 823 $24 €XP [idsp]
—C13 €23 24 S14 534 €XP [—i¢hap] “+ci13c14 23 €24 534
t, —cCo4 C34 514 BX) [*i¢db] —c3f 504 BX [7Z'¢)Sb] +s34 C14 Cp4 C34

We need to deal with mixing matrix in detail to keep Unitarity

Vi Virg = c2ac3,514504€"(9sh—a) Vi Vi, = ¢34524534€' %5
Kaon {Tds :®ds b s :rsb
x

2
— Td S

(Z — hadrons b d
I ) impose s34 = 0.22 ~ Vi,
[Vig|® + 3.4|Vyyy|? < 1.14 for my = 300 GeV = s34 < 0.2

From b - s study rab e'Psb ~ ().025 e Y

Am, /Am,/F George W.S. Hou (NTU) ICHEP'06, 7/29/06
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Constrain s -

Physics
BR(KT — nTwp) = (14. 7+1 0y 10711 "L
(shaded)
BR(K; = pTp )gp < 3.75-107°
6
e = (2.284+2 x 0.014) - 1073 e
4
¢ e
— =(166+2x1.6)-10"% -
€
Rs = 1.2 (E. Pallante et al.) 2t
Rg=0.7-1.3 “Standard”
R = 2.2 (J.Bijnens et al.) U
Rg=08-1.4 No SM3 solution
Therefore....

d from K

L I B B
-
- .

: | -

'
!

)
)

H NV -1 2

*812

R5=2.

"3:1.

S~ G e

Rg:l 2 5=2.2“ ]

| Kg-1.2 '%Rg:[].%‘ ]
! Vet 1

C

0 60 120 180 240 300 380

¢d8

Fas ~ 5 X 1074 dys ~ —60° or + 35°

well-satisfy Amp, and sin2¢,!

Amg_ /Am,/A George W.S. Hou (NTU)

ICHEP’06, 7/29/06
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Vds ™ D X 10_45 O(ES ~ _60‘3 or - 350 ;ff;wh\;a
rap ~ 1 x 1077, ¢a, ~ 107 (1057) @V

well-satisfy Amp, and sin2¢1  ys vV,, ~ 0.01 e
| | | |

i H.\i\\\\:\\\\\H\H\H\H\H\H\HL :‘F\‘\\‘\\‘\'\‘\\‘\\‘\\‘\\‘\\‘\\‘\\‘\\‘:
0.65 F s ;li 0.78 7
= | Q FpVBg=246MeV ] : - E
FRCECLE & I . §0-76 n E
m B ~—-._-’ n i E
Soos5 | I - = SR 1 1P A N .
o - | | ] o 072 E
g 000 e ! § W g.70 fo -
< == | FzV/Bp=208MeV =] I x :
0.45 | . 0.68 \\ ¢
E\n\\H\H\mMT\\.\"'\-F-\'P\‘F\’M\\H\H\E :“I‘M“HMI“H‘H‘H‘H‘HM’ (L
T T
0p 60 |[l20 180 240 300 360 0, 60 [feo (280 240 3091 360
I I Gab I | ab
VudVih Disfavored

-~ o
~ o
-~

Vcd VcT)

Hard to tell apart (non-trivial) with present precision
"' stringents - d
Amg_ /Am,/A George W.S. Hou (NTU) ICHEP'06, 7/29/06
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A:(B = K*I*I") and Other Predictions

sent to Backup
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Quoted by Tsybychev at FPCP08

~ Fourth Generation 1 a: SM; b-
T 0.1f PRD 77, 014016 (2008) better
20
- data: LHCb MC (2 fb™)
E—U.l
< -0.2

o3l e

0 01 02 03 04 05 06 0.7
S

(F_ and) A (and A)) favor the “opposute sigh C, model”
Elgen at FPCP08

Agg (bkg-sub)

1
= LI

_||||||||||||||||I‘l||:||||l1_|_=||||||||||| 1:‘ I R 0 A 7 R R N =
Z—- | : : P —+——_ 08 | S T -
: S | os b E
= Cq,Cro sign-flippegd._.: & 4 o4C | il .
_ .._,/" P13 foestin] oo b :
—— T T i - ‘ ' = :
. E i E E e | 1 <'02;_- ------------- i I;':'.''.'.''.':i':'.';.'.".':'.'':'.'.".':'.":'.'f
- TR N 1 04F : : » E
: Lm sign- fllpped : P 1 o6 | 3| BaBar
- (g Cr|{,]n ﬂlppf—“d : P 386M 08:—349 fb 1‘ ¥ : i;i proiminary 3
N R |||||.||!||||=|_|J||||||||||| - '|'\I‘II\I‘Ill|\lll|lll1\8|w|£0

ot
I\J
.p

24ﬁam1zl416182u © 8 0 iz 14 16

g GeVic? q*(GeV'/c?)



D Mixing (Short-distance Only)

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

i@y,
V qVey =€
ﬁ From 4 x 4 Unitarity

v,V

x=AmIl ~1 -3 plausible

w/ Sizable (but not huge)
CPV in Mixing ~ -15%

N.B. SM LD could generate

|
Ov &0 120 180 240 300 360
| y~1%,x=y
¢db [Falk, Grossman, Ligeti, (Nir,) Petrov]

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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Implication for B(K; — 7°vi)

Nontrivial (phase) V ;. Vo

Current E391A U.L.
2.86x1077 (90% c.l.)

Very hard to measure

He [ [
dn o on
i o o
(7 [1]
1
o
psnp@eeenennfh
Q
5 o
1 O
2|
o)) ]
>< —
= ]
CDl ]
H |
1 =
EEEEREQ

B (Kr-rlvy) x1 otl

-e—B(K; - %) ~3x 10711

SM3

B e e O A e il el |

n
o e .l
[]
60 120 180 240 3!0 360

qbds

Illl-il

Rate could be enhanced by up to almost two orders !!

0 O—lO

rvv enhancedto 5 x 1 or even higher !!

KL — T
In general largerthan K+ — 7Tuvp (2—3 x 10710)

“ Large CPV Phase
CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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b - d “Triangle” and b - s Quadrangle

§ § § 0 -
VuadVab T VeaVep Y Via Vo t VeaVin, =0
D ~J
Vud Vub SM3

VsV b - d

V.V

ts' th

b - s Quadranglgalmost Triangle)
Area ~ (=)30x b - d Triangle

— trength and Size ofsin 2D

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,

Q
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Consistency and b — sy Predictions

SM3

B(boay)x10*
HM}NM“

'
““““““““““““““““““““““““““

0 60 120180 240 300 360 0 60 120180240300360

Gsb ¢Sb

BROK , ., = A~ Ofaraway

ﬁ - cg_cgmt_g;t,/ beyond SuperB
Heavy t’ effect < . i=9 1
decoupled © "7 | i-4 |
forb -~ sy . =~ 0f=z=z==m"""""3lg :
O ] i=7 -
~ _0.2 L. L ]

200 250 300 350
m-t/ [GeV]

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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The Eureka Moment

Large t, t' Yukawa

ca. late summer 2007 ...

Large Yukawa !

\
N u?\e\(awa

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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4 generations: 3 indep. phases

Vud Vuub measured
ViV ~b - d A s
] — S ———————— S >

5 :
-Vchcb

4/ Neration3~3_indep. phases

emergent
If V.V, shrinks to a point b s v.vO

@ ts tb

||
Difference in area VtSth
for D — S Small

b - s Quadranglegalmost Triangle)
Area ~ (=)30x b - d Triangle

2nd argument that J (5‘2'13,4) Is predominant CPV

CPV George W.S. Hou (NTU) LLR Paris, Feb 9,
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