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BNL’64
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(Christenson) Cronin, Fitch (& Turlay), PRL’64

• KL => 3 pi, most of the time but once in a purple moon it also goes 
to 2 pi

• This is an example of indirect CPV

• Nevertheless it has the profound consequence that CP is not a 
symmetry of nature! 

• => Weak shall “inherit the earth”
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Outline
• BNL’64 Cronin+Fitch, Br (KL =>2 pi)  => not eq 0; CP is not a symmetry of nature

• Naturalness arguments then suggest  any new physics  scenario to entail BSM 
CP-odd-phase(s) 

• Explicit examples of popular BSM back that assertion: 2 Higss DMs, LRSM, 
warped XM, SUSY r RPV-Susy or LQ Ms

• In radiative b decays just about the best search may well be via (mixing-
induced) time-dependent CP [TDCP]

• However, in b decays searching for direct CP [DCP] or for that matter other 
types of CP also may well be very useful
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Only go after CP: surest way to 
see real NP& grab the NP and 
run! 
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Generalities of CP tests

• While mixing induced or time-dependent CP studies must be 
restricted to (neutral) i.e. B^0, Bs (and their anti-particles) direct CP 
tests can be done on all B’s: charged or neutral

• Many properties of B^- are related to B^0 by isospin.

Although as a rule effects of isospin are small i.e. O(alpha/pi) or

O(mu/md), significantly larger (i.e. ~10 X alpha/pi) effects can arise

in some cases esp. when CP asymmetries are concerned

• charged B are related by SU3 to Bs..Breaking usually tends to be 

(mu/ms) O(~10%), formally Bd and Bs can be related by U-spin 
O(md/ms) but the can be roughly as  big as in SU3                                                                                   
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Subtleties of QCD

• Much has been learned from intense lattice studies  of K => 2 pi

• A very good example is that the amplitude that goes as O(N) largely

cancels another one that goes as (N^2) [N=3 for QCD]   around the physical mass of pion

causing significant suppression of the Delta I=3/2

transition. This ‘accidental’ cancellation plays an important role

in the classic puzzle known as ‘The Delta I=1/2 Rule’.

• There are very good reasons to think that similar subtleties may well be the underlying 
reasons for some long standing puzzles in B decays 
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For a very long time it seemed
lattice will not be able to handle 
hadronic B-decays: some recent 
glimmer of hope
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Few remarks on direct CP [DCP] tests

• [Br - \Br]/[Br + /Br] …..PRA available when you compare 2 conjugate 
processes……….REQUIRES FSI phase X CP-odd phase

• In perturbation theory FSI phases usually arise by (QCD) loops

• D

• When FS has 3 or more particles Energy asymmetry (EA) between conjugate 
particles can also be used and can be a powerful test of CPV

• EA can be a lot larger than PRA as they can balance among different regions of 
phase space

• FSI phases (are always CP-conserving) can arise even  with  EW loops NOT just 
QCD loops

• For a genuine DCPV effect one needs both a CPV phase and a CP conserving 
phase
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TCA: triple correlation asymmetry

• This is relevant when FS involves 3 or more particles in radiative  b 
decays

• Or in general non-vanishing TN- correlations can arise whenever 4  
linearly  Independent momenta (spins, or 3-momenta) are involved

• But they are not necessarily CP violating  

• If you find no-vanishing  TCA, conjugate process MUST be studied to 
make sure it is a genuine CP violation and its not being faked by TN 
(naïve Time Reversal)TN- odd effects.

• See Table 1 in this  Physics Reports 
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Essential point: TDCP    [see 
Atwood,Gronau+AS,PRL’97]
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Estimated hierarchy of CP asymmetries



Experimental Prospects for TDCP

• BABAR and BELLE collaborations demonstrated the measurement 
feasibility of TDCP around 2006-07
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BABAR and BELLE initial measurements highly
limited by statistics
• Each uses about ½   ab and gets conservatively ~0.80 for S

• Down the road with ~50 ab, optimistically S may result around .05

• That’s around where it could get interesting

• For LHCb it may pay to focus on FS with only 1 photon:

Bs => phi  + gamma; K+ K- gamma; phi + rho^0 +gamma=>K+ K- pi+ pi- + 
gamma…

B0 => Ks rho gamma (for b=>s)
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Summary + Conclusion      p. 1 of 2

• Naturalness arguments suggest existence of BSM phase

• Besides does not seem SM phase is enough to a/c for baryogenesis

• In this regard it is important to keep in mind our past experience: 

Indirect CP epsilon_K ~10^-3 ; several experiments gave up too soon

• Much can be learned from focusing on CP studies, mixing-induced 
(time-dependent) as well as direct  in radiative B, Bs decays using 
highest luminosities possible both with BELLE-II and also with LHCb
runs

Bottom line: Radiative b decays are extremely rich; they can teach us 
a lot
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• SU(N) gauge theories [Yang-Mills!] are very important.

• QCD is a very simple theory (# of parameters=1, theta’), hugely rich

• In particular for expts in IF …non-perturbative simulations have and 
will  continue to teach us a lot…..supporting these is well worth the 
cost
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EXTRAS
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Strategies for  either definite gold or 0 gold

• Once Br (B => Xs gamma) is abot 0.1 SM open a separate pot for 

• B=> K + pi + gamma ; Once Br (B=> K + pi + gamma) is about 0.2 of SM

• Once you are ~ 0.1 of  SM soon start separating K vs no K; 

• How many pots now?

• Ex BeLLe-II….2 sUbgroups….Yes CP and no CP

• Tables in Tim G + A S  => Tables in T. Browder et al RMP => Tables in SBS + 
DA et al PR =>  Meaning of Life (NP) => CORRECTED & IMP.  MOL –BSM CP
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