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HOW TO MAKE A UNIVERSE

ÅSakharov Conditions (1967) to go 
from a matter -antimatter 
symmetric universe to a matter -
dominated universe:

1. Baryon number non -
conservation

2. C and CP both violated

3. Interactions not in thermal 
equilibrium
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BRIEF AND BIASED HISTORY OF CPV
ÅSM intrinsically violates C and P 

separately(no right -handed 
neutrinos).
ÅP violation established by Wu 

experiment in 1956

Å1964: Discovery of CPV in the 
Kaon sector (Nobel prize 1980)
ÅNote, ònear missó in 1961 with 

upper limit within ~2 of 
discovery òé terminated by 
administration of the labó 

ὑ ᴼ““
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BRIEF AND BIASED HISTORY OF CPV
Å1973: Kobayashi & Maskawa  

show that extending  
Cabibbo õs mixing angle to a 
3x3 unitary matrix would 
allow one CP violating 
phase  in quark mixing
ÅPredict ion:  3rd generation 

of quarks

ÅBottom discovered 1976 at 
Fermilab E288
ÅExperiments with bottom 

mesons point to much -
heavier top

ÅTop  (finally!)  discovered 
1995 at Femilab  Tevatron
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BRIEF AND BIASED HISTORY OF CPV
Å1990s: planning for two new 

colliders to operate at asymmetric 
high -luminosity ὩὩ  colliders for 
intensive study of B mesons and 
search for CPV in B

Å2001: òB-factoryó ὩὩ  colliders 
demonstrate consistency of CKM 
picture in B meson decays

Å2008: Nobel Prize for K and M
Å2009: Baby PhD student PMH joins BABAR J 

ÅStory canõt be over, as KM 
mechanism doesnõt generate 
enough  CPV for the observed 
baryon asymmetry!
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LETS TALK MESON MIXING
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SOME MIXING FORMALISM
ÅIn first-semester QM, we learn that a state ἃȿ‪ with Hamiltonian Ὄ 

evolves according to 

Ὥ
Ὠ

Ὠὸ
ἃȿ‪ Ὄ ἃȿ‪

ÅUsually, we consider only Hermitian Ὄ Ὄ , as antihermitian  
contributions Ὄ Ὄ  lead to decay of the state. Here this is a 
feature, not a bug!

ÅConsider the states ὄ  and ὄ , which form a complete basis for 
neutral non -strange bottom mesons.
ÅThe time evolution of these states will be described by 

Ὄ ὓ
Ὥ

ς
ɜ

8/8/2025 P.M. Hamilton -- SSI 2025 7



SOME MIXING FORMALISM

ÅThe Hamiltonian governing how these states evolve CANNOT be 
diagonal in this basis due to diagrams like above

ÅWe write 

Ὄ
ά

Ὥ

ς
ɜ ὓ

Ὥ

ς
ɜ

ὓᶻ
Ὥ

ς
ɜᶻ ά

Ὥ

ς
ɜ

ȟ

where we have assumed CPT to have the diagonal elements equal
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SOME MIXING FORMALISM
ÅWe solve (a simpler version of) this 

problem in first semester QM!
ÅLets neglect decay for now, and 

assume M12 is real:

Ὄ
ά ὓ
ὓᶻ ά

Ὄ
π ‫
‫ π

ÅWith ɜ π this is just Larmor 
precession! (z spin in ὄȟ)

ÅIn this situation, a particle that starts in 
ὄ  will oscillate between matter and 

antimatter

ɝά Ⱦᴐ υρφ ὋὌᾀ
ɝά Ⱦᴐ ρχȟχφυ ὋὌᾀ
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SOME MIXING FORMALISM

CPV in the quark sector

ÅWe solve this problem in first semester QM!
ÅWith ɜ π this is just Larmor precession!

ÅHamiltonian eigenstates are in general
ὄ ὴὄ ήὄ
ὄ ὴὄ ήὄ

ÅIn the case of CP conservation, ὅὖ 
commutes with the Hamiltonian, ὴ ή
ρ and  these are also CP eigenstates

ÅExact phenomenology depends on details 
of ὓ and ɜ. Important parameters:

Åɝά ά ά

Åɝɜ ɜ ɜ

ÅSee PDG review of CPV in the quark sector  
for a more careful treatment

ɝά Ⱦᴐ υρφ ὋὌᾀ
ɝά Ⱦᴐ ρχȟχφυ ὋὌᾀ
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MIXING PHENOMENOLOGY
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Cartoon from Mika Vesterinen

CERN LHC Seminar



KINDS OF HADRON CP VIOLATION
1. CPV in decay (òdirectó): 

ὃὄ ᴼὪ ὃὄ ᴼ ӶὪ

2. CPV in mixing (sometimes called òindirectó): 
ὖὄ ᴼὄ ὖὄ ᴼὄ ȟ 

ÅÑÕÉÖÁÌÅÎÔ ÔÏ
ή

ὴ
ρ

3. CPV in interference between mixing and decay (confusingly also 
called òindirectó): 

ὃὄ ᴼὪ ὃὄ ᴼὄ ᴼὪ

ÏÒ )Í
ή

ὴ

Ӷὃ

ὃ
π
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Will be 

looking at 

experimental 

case studies 

in reverse 

order



IS THERE ROOM FOR NEW PHYSICS?
ÅYES!

ÅConsider simple 
parameterization: suppose 
B-mixing amplitudes are 
modified by a factor ρ
ὬὩ . What are the 
allowed values of Ὤ?
ÅSurprisingly, 10% 
deviations arenõt 
conclusively excluded!

ÅThis is a few years old  but 
the picture hasnõt changed 
by orders of magnitude
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CURRENT B EXPERIMENTS

ÅBelle 2: exploit clean BB production  from ὩὩ ᴼɭτὛO ὄὄ ὗ ςπ -Å6 

ÅA priori  knowledge of B energy and collision CM, no extra particles in signal events

ÅEasy to cross-feed tracks due to low CM momentum of B mesons

ÅNeed to separate ὄὄ vs more frequent ὩὩ ᴼήήȟή όȟὨȟίȟὧ

Å ρͯπ ɭ per ÁÂ, very high efficiency

Å  LHCb: exploit clean B hadron decays

ÅLarge boost of ὦ-hadrons means macroscopic  displacements with respect to PV

Å Most backgrounds come from other ὄ decays  rather than underlying event

ÅLarge datasets ( ρπ ὦ in acc. per ÆÂ @ 13 TeV) allow for clean selections even with low efficiency

15P.M. Hamilton -- SSI 20258/8/2025
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REMINDER: TYPE-III CPV AT B-FACTORIES

ÅòGold-plated modeó measurement 
ὄ ᴼὐȾ‪ὑ

ÅType-III CPV: òmatter-antimatter 
interferometeró

ÅMethod:

Åὄὄ  start in perfect EPR state 

ἃȿὄὄ ἃȿὄὄ . Time evolution is 

quantum correlated

ÅLook for one to decay in (anti)matter -
specific final state, know identity of 
other at same time

ÅThe other decays sometime later (or 
earlier!) to ὐȾ‪ὑ

ὄ ὄ

ὄ

ὄ ὐȾ‪ ὑ

Ӷὃ

ὃ

ή

ὴ
Ὡ
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REMINDER: TYPE-III CPV AT B FACTORIES 

ÅB-factory observes both B decays , look at 
asymmetry of   ὄ tag+ ὐȾ‪ὑ  vs probable than 
ὄ tag+ ὐȾ‪ὑ

ÅType-III CPV manifests as asymmetry around 
ɝὸ ὸ ὸ π. 
Åɝὸ π -> no interference
ÅAs ɝὸ grows, òinterference fringesó in time 

spaced by the mixing frequency ɝά
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TYPE-III CPV AT LHCB

ÅSimilar to  B-factory measurements, but no ɝὸ, no EPR correlations to exploit

ÅInstead, we try to tag ὄ vs ὄ at production  and then measure the asymmetry

ὃ ὸ
ɜὄὸᴼὪ ɜὄὸᴼὪ

ɜὄὸᴼὪ ɜὄὸᴼὪ

ὛÓÉÎɝά ὸ ὅÃÏÓɝά ὸ 

ÃÏÓÈ
ρ
ς
ɝɜὸ ὃ ÓÉÎÈ

ρ
ς
ɝɜὸ
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CASE STUDY: HUNTING ‰

ÅType 3 CPV in the ὄ system with ὦO ὧӶὧί
ÅIf no direct CPV in final state, SM predicts a very simple expression 

for the CP violating phase ‰ ς‗–
ÅWant to look for ‰ ‰ ɝ‰ , where the smallness of the first 

term gives us leverage!

ÅExperimental target: ὄᴼὐȾ‪‰
ÅSo we measure the time -dependent asymmetry, extract the 

amplitude of the oscillation, get ▼ꜚ, and any deviation from SM is NP 
right? é right?

ὄ

ὄ ‰ ÁÒÇ
ή

ὴ

Ӷὃ

ὃ
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COMPLICATIONSé

ÅNot every ὄᴼὐȾ‪ ὑ ὑ  proceeds through ‰ρπςπ L

ÅNon -negligible Ὓ wave component via, e.g., Ὢωψπ pole

ÅPartial wave analysis required to separate out the pure ρ  
component in ὑ ὑ
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COMPLICATIONS - RECONSTRUCTION

ÅBut it gets worse! ñ ὐȾ‪ ‰ is a mixture of ὅὖ 
eigenstates depending on the polarization ( ὅὖ 
eigenvalue depends on Љ)
ÅMore angles needed to get the full polarization 

info
ÅSensitive to rest -frame angular acceptance 
ÅAlso canõt neglect ɝɜ of the ὄ  mass eigenstates
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FINALLY, THE OSCILLATION!

Åg
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WAIT A MINUTEé

Åg
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MORE COMPLICATIONS!

ÅὄᴼὐȾ‪ ‰ also proceeds through ὡή loops (penguin diagrams)
ÅThese introduce new amplitudes with new strong phases which 

are all potentially polarization -dependent as well
ÅGenerally these amplitudes are all smaller by a factor of 

Wolfenstein ‗ ( ÓÉÎ—)

ÅSo ‰ ‰ ɝ‰ ɝ‰
ÅPenguin òpollutionó can mimic new physics or even disguise it 

depending on relative signs!!
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MEASURING PENGUIN POLLUTION

Åὃὄ ᴼ ὐȾ‪‰ ρ ꜝ ρ ‭ὥὩ Ὡ

Å1st part is ~ tree

Å2nd  part is pollution w/ ‭ πȢπυσ

ÅIf we switch the tree decay from ὦO ὧӶὧί to ὦO ὧӶὧὨ we go from suppressed 
penguin amplitudes to approximate tree -penguin equality

ÅSU(3) symmetry of strong interaction allows to relate back 
ɝ‰ Ӷ ‭‰

Ⱦ
ς‍

ÅNote this depends on ς‍ from ὄ  -- eventually needs combined analysis!

ÅFUTURE: ‰
Ⱦ

 to 1 degree -> ɝ‰ Ӷ to 1.5 mrad
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SEARCHING FOR CPV IN MIXING
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SEARCHING FOR CPV IN MIXING
ÅBecause of all these complications, a promising 
alternative is trying to find a ònull testó (0 if SM)

ÅCPV in ὄ Mixing (Type -II) is expected to be 
negligibly small in the SM
ÅProbed via flavor -specific asymmetries 

ὥ ḳ
ɜὄᴼὄᴼὪ ɜὄᴼὄᴼ ӶὪ

ɜὄᴼὄᴼὪ ɜὄᴼὄᴼ ӶὪ
ȟ

where the direct decay (without oscillation) is 
forbidden

ÅExperimentally nice to specifically look at the 
semileptonic  final state asymmetries ὥ ρȢω
πȢσ ρπȟὥ τȢρ πȢφ ρπ
ÅGood targets for very high -statistics experiments 

(current and future gen) and sensitive to NP 
contributions in mixing amplitudes
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Љ
Ӷ’Љ

ὄ Ὀ



ACCESSING ὥ
ÅOne clever method: like -sign asymmetry
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ÅDone by D0 experiment and at Belle and 
BABAR ð works pretty well if done carefully
ÅD0 measurement in particular 

presented a longstanding puzzle, 
found a result σȢφ„ from SM

Landscape ca. early 2014



ASYMMETRIES

ÅMeasurements from LHCb use untagged rate asymmetries

ÅMeasured quantity is 

ὃÒÁ×ḳ
ὔὈ ‘ȟὸ ὔὈ ‘ȟὸ

ὔὈ ‘ȟὸ ὔὈ ‘ȟὸ

ὥ

ς
ὃ ὥ

ὥ

ς

ÃÏÓɝάὸ

ÃÏÓÈ
ɝɜὸ
ς

ÅWhere we are considering asymmetries from:

ÅCP violation

ÅProduction/hadronization

ÅDetection
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PRODUCTION ASYMMETRY
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ÅInitial state isnõt CP symmetric!

Å(Maybe) surprisingly this has a 
nonzero impact on the 
fragmentation 

ὖὦO ὄ  ὺί ὖὦO ὄ
ÅPossible mechanisms include 

hadronization with proton 
fragments
ÅRegardless of mechanism, these 

are known to exist at the percent 
level in LHCb acceptance

Phys. Lett. B739 (2014) 218



SKIPPING ὃ

Åὄ mixing is so rapid we can consider it òwell mixedó regardless of 
production asymmetry and do a time -integrated measurement
ÅEssentially we are integrating the  term over a period 

much much  longer than ρȾɝά
ÅEffect of ὃ  washed out by a factor ρπ  

Åὄ  requires more care! Wonõt get to it today, encourage you to 
look into PRL 114, 041601 (2015) for more!
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DETECTION ASYMMETRIES
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ÅLorentz force ᴆὊ ήᴆὺ ὄ sends 
particles with different charge to 
different areas of the detector
ÅMisalignments, dead channels, 

mismeasurements of magnetic 
field and more subtle effects all 
contribute

ÅIn LHCb itõs left vs right, in other 
machines it may manifest as 
azimuthal -dependent 
asymmetries

ÅEven with a perfect detector, nuclear 
cross sections arenõt necessarily 
symmetric
ÅDead material mostly steel -> Iron-

56 -> more neutrons than protons 
-> more down quarks than up!
ÅCharged kaon interaction cross 

sections different by charge 
ӶίὨὺί ίӶὨ Cartoon from Mika Vesterinen

CERN LHC Seminar



DETECTION ASYMMETRIES
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ÅThe nature of the 
measurement makes it 
EXTREMELY sensitive to 
these  detector 
asymmetries L

ÅC.f. asymmetries on right 
with SM prediction of ρπ  

ÅLHCb regularly changes 
magnet polarity ð can 
see that this roughly flips 
the sign of the dominant 
asymmetries
ÅRest must be 

measured carefully 
and subtracted

PRL 117, 061803 (2016)



SLICING THE DATA
ÅWorse, detector 

asymmetries can 
depend on decay 
kinematics
Å‰ region typically has 

tightly correlated 
ὑ ὑ , leaving mostly 
‘ᴜ“  detector 
asymmetries

ÅSeparate but correlated 
measurements in 
different sub -regions to 
exploit the full statistical 
potential of  ὄ ᴼ
Ὀ ᴼὑὑ“‘’ sample
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RESULTS
Å3 regions, 2 years, 2 magnet polarities = 

12 values for consistency checks

ÅVery involved measurement, requires 
intimate detector knowledge!
ÅOverall lesson: Pathways to new 

physics can pass through not just 
SM/QCD, but also by your own 
instrument!
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CAUTION WITH NEAR-NULL TESTS
ÅNear -null tests can be misleading if 
you donõt know how close to zero 
the prediction is

ÅCase study: CPV in charm is very 
hard to predict, and for a long time 
the standard word is Ḻρπ
ÅThink in terms of CKM argument: 3 

generations are required for CPV, 
charm mixing and decay are 
dominated by first two 
generations only ð should be 
small!
ÅLoops with b quarks should be 
‗ײַ Ḻρπ

ÅGreat null test when your sensitivity is 
ρπ , but what  about when you get 
more sensitive?

From 2017 

HFLAV ð 

stolen from 

Jawaheryõs 

SSI talk
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CASE STUDY: ɝὃ
ÅLHCb for years hunted charm CPV in singly -

cabibbo  suppressed decays Ὀ ᴼὑ ὑ  and 
Ὀ ᴼ““
ÅUse Ὀ  from either Ὀz ᴼὈ“ or ὄ ᴼ
Ὀ‘ὢ to precisely tag the production 
flavor of the charm

ÅCan get extra sensitivity from the observation 
that phases conspire to make the asymmetries 
have opposite sign
ÅIncreases raw magnitude
ÅCancels most of the production and 
detection asymmetry òout of the boxó

Å2019: 
ɝὃ ρσ ὝὩὠ Ὠὥὸὥ ρψȢς σȢς πȢω ρπ
ÅLHCb Average ɝὃ ρυȢτ ςȢω ρπ

ÅSo our BSM CPV hunt has turned up something 
extremely  ambiguous. Near -null tests can end 
up being much more subtle than you hoped!
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CPV IN RADIATIVE DECAYS
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ὦO ί‎
ÅὦO ί‎ similar to  yesterdayõs penguins, but 

here something special happens
ÅBecause of the peculiar left -handed 

structure of the SM, the photon MUST 
be dominantly left -circularly polarized

ÅCorrections of order 

ÅIf you can measure the polarization, 
you can test for many kinds of NP 
contributions in the penguin loop

ÅObviously, this is hard! 
ÅNo polarized glasses for GeV gamma 

rays

ÅCan probe via ‎z ᴼὩὩ  at extremely low 
ή or by measuring CP asymmetries 
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CPV ANALYSES IN ὄ ᴼὑᶻ‎
Åὄ ᴼὑz ᴼὑ“ ‎ is a particular golden mode 

for this kind of study

ÅRight hand side would be a CP eigenstate 
except  that the photon polarization is different 
for ὄ  and ὄ
ÅBecause  of this, we donõt expect to see 

type -III CPV like we  get  in ὄ ᴼὐȾ‪ὑ
ÅObservation of type -III CPV in this mode 

above the amount allowed by this  

would be new physics

ÅAll-neutral final state -- Canonical high -priority  
target  for  Belle-II 
Å(Measurement performed  in two regions of 
ὑ“  invariant mass ð 
[800,1000] MeV and 
φππȟψππ᷾ ρπππȟρςππ MeV)
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NEAR-VIRTUAL PHOTONS

ÅHere, 
counterintuitively, 
ὦO ί‎ with a real  
photon is 
background!
ÅIn these cases  

the ὩὩ  
comes from 
gamma 
conversion in 
material and 
there is no 
angular 
information in 
the ὩὩ
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OTHER OPTIONS

ÅBaryons provide a slightly more direct angle (so to speak) by their 
unique spinor ->spinor gamma structure.

ÅCan expect this to become quite powerful as data is 
accumulated

Phys. Rev. D105 (2022) L051104
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