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CP violation and our universe

Why is there much more matter in the universe than antimatter?
@ any initial baryon asymmetry is washed out in the early universe:
e very high temperatures
< baryon-number violating reaction rates (e.g. from sphalerons)
larger than expansion rate of the universe
@ nowadays observed baryon asymmetry must have been
dynamically generated
— Sakharov conditions
© baryon number violation (exists in weak theory v')
@ C violation (C massively broken in weak theory v')
and CP violation (too small in weak theory) — new physics
© no thermal equilibrium (no detailed balance of reaction rates)
for a while after first-order phase transition

(does not fit to standard model, Higgs too heavy)
— new physics
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CP violation — where to look for?

need a larger amount of CP violation
@ look in new sector:
< neutrinos (baryon asymmetry triggered by lepton asymmetry)

@ look (with higher precision) in sector
where CP violation has been observed

— meson decays

@ look in sector where we expect CP violation
(good to have upper and lower limits)

baryon decays

U

can we reach accuracies comparable to meson sector?
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classification of flavor changing baryon decays

[B: initial baryon (not B meson); b: final baryon]

@ semi-leptonic decays
B — bgl/g

@ non-leptonic decays, e.g.
B—br
e radiative flavor-changing decays

B— by oreg. B— butu
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B — bly,

@ one quark changes flavor
o probes three-point functions (form factors)
e short-distance effect ~ 1/my (or ~ 1/mpsn)
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@ other quarks are observers

e rearrangement of bound-state wave function
e medium-distance effect ~ 1/myaqron
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Some illustration

U U
two quarks changing flavor: //_\W‘;
S d
S S
S S

one quark changing flavor — penguin:
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Operators and scales in non-leptonic decays

eg. B—bw

@ two quarks change flavor
or
gluon (or photon or Z) stretches to other quark (penguin)
e probes four-quark operators (dimension 6)
and/or quark-gluon operators (dimension 5)
e short-distance effect ~ 1/my (or ~ 1/mpsn)
< small decay rate (long life time)
@ third quark is observer
e rearrangement of bound-state wave function
o medium-distance effect ~ 1/mMpadron
@ strong final-state interaction (FSI)
e elastic or inelastic
o medium- to long-distance effect ~ 1/m;
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Strong final-state interaction (FSI)

b1 by

(of course even more complicated for many-body decays)
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Operators and scales in radiative decays
B— by oreg. B— butu~

@ two quarks change flavor (or penguin ...)
and
quark or W emits photon
e probes four- and six-quark operators
e short-distance effect ~ 1/my (or ~ 1/mpsn)
< small decay rate (long life time)
@ third quark is observer
e rearrangement of bound-state wave function
e medium-distance effect ~ 1/Myadron
@ alternative: non-leptonic decay
plus inelastic final-state interaction (FSI)
e medium- to long-distance effect ~ 1/m;

10
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Radiation as a final-state effect

11
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basics:
@ CP violation relates to relative phases

— we are looking for interference patterns
(except if we deal with CP eigenstates — baryons are not)

comparison of meson and baryon decays:
@ baryons have spin?
< can be polarized (recall Wu experiment)
@ without polarization via magnetic field
— need to deduce polarization from angular distribution

< need to measure sequence of decays, not just one decay

¥mesons with spin can decay electromagnetically, do not live long

12
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Observables in strangeness sector

basics:
@ CP violation relates to relative phases
— we are looking for interference patterns
@ s quark can change
to d quark (penguin) ~ Al =1/2
orto uand W~ — du ~ Al =1/2 or Al =3/2
— phenomenological finding:
Al = 3/2 transitions are (often) down by factor ~ 1/20
comparison of meson and baryon decays in strangeness sector:
e interference pattern in kaon decays (K /s — n*n~, 7°n°) driven
by relative phase between Al =1/2 and Al = 3/2 transitions
@ interference pattern in hyperon decays driven
by relative phase between partial waves
<> no extra suppression for some observables (“T-odd")

13
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Partial waves, relative phases, and FSI

@ interested in CP violation = T violation (CPT theorem)

— but we cannot easily reverse decay processes
(resonance formation in weak scattering processes)

— look for P violating decays and compare baryons and antibaryons

example: non-leptonic decay B — bm

@ discuss initial process
(at hadron level where short-distance process is not resolved)

@ switch on final-state interactions (assume elastic for simplicity)

14
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effective Lagrangian for initial processes B — bm and B — br!

[ — ‘s’eiECPV ibBrt — ’S|efi£cpv iBbm — p[_),'f%Bﬂ-T _ pB,'A/SbW

@ needs to be hermitian

< only phases, no size difference
between particles and antiparticles for couplings s or p

@ one overall phase is for free
< choose p € R™
— have pushed relative phase into parity violating s-wave

(N. Salone et al., Phys.Rev.D 105 (2022) 11, 116022)

15
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effective Lagrangian for initial process B — bw

L

|s|e’scrv ibBrt — |s|e™ "V iBbw — p biysBr' — p Biysbn
Spart ibBr' + s, iBbm — p Bl"}/5B7TT —-p Bify5b7r

p-waves are parity conserving, s-waves are parity violating
CP conservation means: Spat = —Santi € R

CP violating phase {cpy:

|S| el€crv 7 _|5| e icrv

Spart = Santi =

look for interferences between s- and p-wave,
i.e. angular distributions, and compare particles to antiparticles

but first include (strong) final-state interaction

16
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inclusion of (C, P conserving) final-state interaction:

Spart = |S| e/€cPV aidkg 7
Sunts _’5| e~ iécrv @idhsy 7
p = |p’ e"‘;l‘;SI

look for interferences between s- and p-wave:

@ in principle measureable from angular distribution
of decay products (relative to polarization):

*
Opart/anti "™ Re(p spart/anti) )

*
Bpart/anti ~ Im(p spart/anti)

o will contain {cpy and Adpgr := 5{;51 — Ofgr
o typically: {opy < Adpgr < 1

17
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Spart = |S| e/€cPV aidkg ,
Santi = _’5| eiigcpv eIJ%SI )
p = |p| ei0Fs1
apart/anti ~ Re(p Sgart/anti) 3 5part/anti ~ Im(P sgart/anti)

@ what signals CP violation? (use {cpy < Adpg1 < 1)
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Spart = |S| e/€cPV aidkg ,
Santi = _’5| eiigcpv eIJ%SI )
p = |p| ei0Fs1
apart/anti ~ Re(p Sgart/anti) 3 5part/anti ~ Im(P sgart/anti)

@ what signals CP violation? (use {cpy < Adpg1 < 1)

Qpart + Qanti  ~  tancpy tan Adpgy T-even
ﬁpart + Banti ~ tan ECPV T-odd

@ what has highest sensitivity?
< the former is only activated by the (small!) FSI

< can we get ('s?
18
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P-odd, T-even, and T-odd

@ we do not look at formation instead of decay

< what is meaning of “T-even” and “T-odd"”

in the context of decays?

e P flip:
(energy,momentum) — (energy,—momentum);
polarization — +-polarization

e formal T operation:
(energy,momentum) — (energy,—momentum);
polarization — —polarization

— without proof: both o and 3 are P-odd (parity violating),
« is T-even, S is T-odd

(G. Valencia, AIP Conf.Proc. 531 (2000) 1, 45-68)

19
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P-odd, T-even, and T-odd — continued

@ consider decay B — b7
with four-momenta gg and g, and polarizations Pg and P,
@ Feynman amplitudes can only depend on Lorentz invariant
quantities
< only non-trivial combinations are
qv - Ps, g8 - Py, Euuaﬁngngpf
@ all are odd under P
@ but only the last combination is odd under T
— all quantities qualify for P tests
(and CP if one compares particles and antiparticles)
< but only last combination appears together with
T-odd CP-test variables

< requires determination of both polarizations Pg, P,
i.e. of the initial and of the final state
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P-odd and T-odd

need an €,,,5 for T-odd CP test (e.g. for Bpart + Banti)
< suppose initial polarization not achieved by magnetic field,
final polarization not measured by Stern-Gerlach apparatus
< use instead angular distributions, i.e. one has only four-vectors
<+ requires at least® 5 external states, e.g. a four-body decay
(or sequence of two-body decays)
examples:
e BESIII: J/¢ — = = with subsequent = — Ar and A — pr
< five external states: J/v, =, p, and two 7
e LHCb type: B, — B.m with subsequent B, — Bsw and Bs — br
— five external states: By, b and three pions

(P.Adlarson, A.Kups$¢, Phys.Rev.D 100 (2019) 11, 114005)

bnecessary but not sufficient requirement

21
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Which observables can be calculated?

available techniques:

@ scale separation between flavor-changing process (S),
quark rearrangement (M), final-state interactions (L)
short-distance process (S): operator product expansion
isolate, e.g., relevant four-quark operators, ...
medium-distance processes (M): lattice QCD, quark models
long-distance processes (L):
hadronic models, chiral perturbation theory
e for heavy flavors: heavy-quark effective field theory

00\£0
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Which observables can be calculated?

available techniques:

@ scale separation between flavor-changing process (S),

quark rearrangement (M), final-state interactions (L)

@ short-distance process (S): operator product expansion
— isolate, e.g., relevant four-quark operators, ...
medium-distance processes (M): lattice QCD, quark models
@ long-distance processes (L):

hadronic models, chiral perturbation theory

e for heavy flavors: heavy-quark effective field theory

@ advantages, disadvantages?

@ qualitative understanding, semi-quantitative guiding,
quantitative model-independent calculations

22
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Which observables can be calculated?

previous example:

*
Qpart/anti ™ Re(pspart/anti)7

5part/anti ~ Im(ps;art/anti)

e required input: |s|, |p|, 0pgr, Ot Ecpv

e distinguish bread-and-butter calculations (for weak decays) from
calculations related to CP violation

@ purpose of bread-and-butter calculations:
whatever we can better calculate and/or measure on the way
(e.g. strong FSI, Al = 1/2 rule) can help to improve accuracy of
extracting a possible CPV signal

@ purpose of concrete predictions for CP violation:

guidance for experiments which observables are most promising
23
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Key questions

@ Which data can help to improve theory calculations?

@ Which theory calculations can help in guiding experimental
searches for CP violation in baryon decays?

questions towards lattice calculations as the first-principle method:

@ what is feasible for baryons? (now?, in near future?)

e form factors?
e four-quark operators?
e six-quark operators?

@ for which flavors?

24
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Having fun with CP violation
A penguin and its diagram

by Quilbert - own work derived from a LaTeX source code given in
http://cnlart.web.cern.ch/cnlart/221 /node63.html (archived) (slightly modified) and
Image:Pygoscelis papua.jpg by User:Stan Shebs, CC BY-SA 2.5,

https://commons.wikimedia.org/w/index.php?curid=2795824
26



	CP violation and our universe
	Classification of flavor changing baryon decays
	Which observables can be measured?
	Which observables can be calculated?
	Key questions

