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Outline
• Introduction: B-Factory + Lattice …help attain an imp. milestone ->
• Improved Searches for χBSM  in the light of BF results:

Indirect Searches with theory input
Indirect Searches w/o theory input: Elements of a Pristine UT
Direct Searches:
Penguin dominated hadronic modes
Radiative B-decays
Null Tests

• K-UT
• NEDM
• TEDM
• Link with ν-Physics: Leptogenesis
• Summary



Types of CP
• CPV in Mixing (a la neutral K)
• CPV in interference of mixing and decays
• Direct CPV
• Uniqueness of B…In the SM – CKM paradigm implies      

that  only
in B CPVeffects are large.In K’s they are minisicule,
also extremely small in charm, and vanishingly small
in t-physics. Thus it is extremely important that we

explore all types of CPV effects in B as that’s the only
place where SM effects are expected to be largest to allow 
us to precisely nail down CKM-parameters





More sophisticated recent updates (CKMfitter,
J.Charles et al ’04; Utfit M.Bona et al’05) with 

similar numbers

Atwood +Soni, CKMfit PLB’01



Theory vs. Expt (’04)
• Angle             Theory                    Expt.

• Sin2β .70+-.10               .726+-.037

• α [98+-16]ο [103+-11]ο

• γ [60+-7]ο ~ [70+-30]ο

EXPT MEANS “DIRECT DETERMINATIONS”
- Most likely effect of any BSM-CP-odd phase on B-physics
is (from now on) a perturbation.  …..A SIGNIFICANT CAVEAT



Important Lesson from the CKM-
paradigm

• We know now that CKM-phase is O(1)
• CP asymmetries in K-decays are at most (.001)
• In charm decays CPV expected to be very small
• In top physics asymmetries are completely 

negligible
• Only in B decays effects are O(1)
• If there is BSM-CP-odd phase of O(1) it would be

quite a coincidence if B’s are favored again







eta





DIRECT SEARCHES…illustrations

• Penguin dominated hadronic FS…
• Radiative B-decays
• Tests aglore



A tantalizing posiibilty:

Signs of a BSM CP-odd phase in 
penguin dominated b ->s transitions?









A possible complications: large FSI 
phases in 2-body B decays

• The original papers predicting ∆Sf=Sf - SψK ~0
used naïve factorization ideas; in particular FSI
were completely ignored.

A remarkable discovery of the past year is that direct
CP in charmless 2-body modes is very large->
FS phases in B-decays need not be small
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Why FSI in charmless B decays? Why FSI in charmless B decays? 

Direct CPV (5.7σ) in B0→K+π- was established by BaBar and Belle

A= -0.133±0.030±0.009 BaBar

-0.101±0.025±0.005 Belle

Combined BaBar & Belle data ⇒ 3.6σ DCPV in B0→ρ-π+

A= -0.48+0.14
-0.15

For DCPV in B0→π+π-

2004: -- Belle claimed a 3.2σ effect based on 152 M BB pairs

A=0.58±0.15±0.07

-- not confirmed by BaBar (227 M pairs): A=0.09±0.15±0.04

2005:  -- reconfirmed by Belle (275 M pairs): A=0.56±0.12±0.06 (3.4σ)

1. Direct CP violation
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DCPV ∝ sinφ sinδ (δ: weak phase,   φ: strong phase)

QCDF: QCD factorization (Beneke, Buchalla, Neubert, Sachrajda
1999)

pQCD:  based on kT factorization theorem (Li, Keum, Sanda)
A sizable strong phase from penguin-induced annihilation

QCDF(S4) scenario: large annihilation with phase chosen so that a 
correct sign of A(K+π-) is produced (ρA=1, φA= -55° for PP)

It is natural to consider LD strong phases induced 
from final-state interactions

For penguin dominated modes,e.g (π,ω)KS
the subdominant tree is color suppressed, 
but FS rescattering phases arise from color 

allowed tree so can have large effects

It is important





Effects of FSI on penguin dominated modes
(Cheng,Chua and AS)

∆Sf >0.10 would be a compelling evidence for 
BSM-CP odd phase!



Highlight of the experimental status
(Based on Summaries by Yoshi Sakai (Belle) and Marcello 

Giorgi (BABAR) …ICHEP’04)

1) For now, no compelling evidence for a significant difference
from the ψ K0 ….
determination (0.726 +-0.037) although each
expt. seems to see an interesting ~ 2.5 σ effect when all such modes 
are combined.

2) For a cleaner theoretical interpretation:
a)  it is much better when some particular modes see a compelling 
difference; rather than a significant difference arising only when
averaging over many modes. 

b) The error on individual modes needs to be reduced to ~O(λ2) 
~0.05…This will very likely require about 1010  clean B’s ( at a 
Super-B Factory [SBF] and/or otherwise)























B→γP1P2

• In this case there is potentially additional information from the 
angular distribution of the two mesons.

• There are two different cases of how the angular information enters
1) P1=P2 e.g. B0→π+π−γ. In this case the angular distribution gives 

you the information to calculate sin(2ψ) and sin(φL+φR+φM) 
separately.

2) P1 and P2 are C eigenstates e.g. B0→K sπ0γ. In this case you can 
obtain no additional informaton from angular distributions but you 
can add all the statistics (as unlike AGS K pi need not be resonant) 
and thereby it allows a more stringent test for NP,  that is,  a more 
accurate value of the NP phase

• In both cases the variation with Eγ tests whether dipole
emission is an accurate model (see eq)    

AG’HS (hep-ph/0410036)





Intutive elaboration of why/how
AGHS idea works

In AGS eq.3, strong interaction (meaning leaving out weak phase) info is in (A sin ψ).
For 3-body modes of AGHS interest, such quantities,
in general,
become functions of Dalitz variables, s1 and cosΘ=z:

S1 = (p1 + p2)2 ; S2 = (p1 + k)2 ; S3 = (p2 + k)2 

k is photon momentum, so z = ( S2 – S3)/ ( S2 +S3) .
Now for L,R helicities particle and antiparticle decays
we have 4 amplitudes so we have 4 such quantities now: fL , fR and similar 2 for anti-particle. Each is now a 

function of
s1 and z. But QCD respects P, C and therefore for ( I) the
case of Ks π0 all 4 become identically the same upto a sign.

Thus  time-dependent CP asymmetry A(t) becomes independent of Dalitz variables. 
Expression for A(t) holds whether Ks π0 are resonant or not or

from more than one resonance, in fact! 
Since A(t) is independent of s1 all points in Dalitz plot can be added.
Significant improvement in statistics and in implementation.

Combining the data together one gets significantly improved info on 
sin(ψ) sin(Φ)  …the product of strong and weak phase which allows putting
lower bound on each.





AGHS for  π+ π- + gamma
This is the generalization for b -> d penguin of
the rho gamma case…Since pi+ pi- are now
antiparicles . Therefore, under C, 

S2 and S3 get interchanged and as a result z->-z.
So angular distribution becomes non-trivial.
Once again, resonant and non-resonant info can
be combined but now additional angular info becomes
available to allow a separate determination of 
the strong and the weak phase (up to dis. Ambig)!



Some Details
• Usual Expt. Cuts to ensure underlying 2 body b s(d) + γ

is necessary…that is, HARD PHOTON…in particular to 
discriminate against Brehmms

• Departure from that will show up as smears around a 
central value on the Dalitz plot

• In principle, annhilation graph is a dangerous 
contamination, due to enhanced emission of (LD) photons 
off of light (initial) quark leg (see Atwood,Blok and A.S). 
This is relevant only to b ->d case. Fortunately,can prove 
that these photons have have same helicity as from the 
penguin. See AGHS for details.



Implications for B -> K ή γ of 
AGH’S

• AGH’S not only allows K π γ from all
Kaonic resonances (irrespective of JCP) as well as from 

non-resonant continuum to be included even a more 
important repercussion 

off AGH’S is that K ή γ can be used. 
This is significant as Br(K ή)/Br(K π) ~ 7
For these reasons expect AG’HS to allow improvement 

over AGS (resonance only) by
factor O(2-5) so that with current O(108.5) luminosities 

asymmetries O(0.20) may become accessible. 
With 1010 B’s may be able to get down to O(few%)



Hierarchy of CP asymmetries in 
radiative B-decays

MIXCP  DIRCP

b->s            O(λ2) ~ 3%               0.6%

b->d            O(.1%)                    O(15%)



W=C [for how clean or accurate] X

S[sensitivity to NP], each with 1-5 *



K-Unitarity Triangle

• There is considerable interest in constructing the
• UT purely from K-decays…relevant reactions being
• pursued:
• Indirect CP violation parameter ε with BK from lattice
• K+  ->π+ υ υ can give clean Vtd

• KL ->π0 υ υ can give super-clean η (expt. very challenging)
• Direct CP ε’ with lattice matrix elements (theo. Very
• Challenging)



Neutron EDM: a classic “null” test
• In the SM NEDM cannot arise at least to two
• loops in EW……..expect < 10-31  ecm
• Long series of experiments now place
• a 90% CL bound, <6.3 X 10-26   ecm (Harris et  
• al, ’99)
• In numerous BSM, including SUSY, Warped
• extra-dimensions, …… neutron edm close
• to current bound is expected



Top quark EDM: a clean “null” test

• Top is so heavy compared to other quarks that
• GIM mechanism is super-effective -> all SM 
• CP violation effects are vanishingly small.
• As one concrete illustration is the top quark
• Electric dipole moment….In the SM you need to
• Go to 2 loops in EW 







Summary (1 of 2)
• Spectacular success of B-factories -> milestone in
• our understanding of CP violation: CKM-paradigm
• is confirmed. 
• Direct measurements of β agree remarkably with
• theoretical expectations to about 10% ; so also the
• 1st relatively crude measurements of α and γ ->any
• beyond SM CP-odd phase likely to cause a small
• perturbation in B-physics…..Likely to require
• lots and lots of clean B-samples and super clean 

predictions from theory to search BSM phase



Summary (2)
• In particular, we know now how to determine 
• γ and α also (β was already known) to accuracy
• of better than 1%….this will require 1010  B’s,
• some 20 times more than current luminosties
• but is extremely well motivated
• Penguin dominated hadron FS, much in the news
• but for now no convincing  “deviation” from SM; 
• However, it is a powerful test and its extremely important to
• reduce errors to O(5%) …may well need a SBF
• K-UT, NEDM, TEDM…need be pursued with renewed 

vigor
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