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MY PURPOSE HERE
ÅTake you from your initial look(s) at flavor (with some brief

refreshers) to some specific measurements / channels in 
current flavor physics which

a) may be specific pathways to new physics in and of 
themselves

b) provide valuable lessons for what we can say generally 
about pathways to new physics through flavor

ÅTODAY: CP-conserving processes

ÅTOMORROW: CPV
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CAVEATS
ÅLargely model -agnostic ð focus is on the 

pathway, not the expected destination

ÅInevitable bias from what Iõve had my own 
eyes on

ÅLHCb-heavy -- been working on LHCb for 
more than 12 years, so my topic selection is 
biased through that lens

ÅApologies to Belle -II friends!
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FLAVOR CHANGES IN SM
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ÅIn itõs own basis, weak force is like 3 
separate (weak iso -)spin rotations 
that stay within each doublet

ÅHiggs Yukawa couplings are in 
general non -diagonal and so the 
Higgs vev  picks out a mass basis, 
e.g. (schematically)

ἃȿὦ ἃὧȿὨᴂ ἃὧ ȿίᴂ ἃὧ ȿὦᴂ 

Å3x3 Unitary rotation to change 
bases 

, , ,

ὺὣ

ς

Ὀ

Ὀ



FLAVOR CHANGES
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ÅMisalignment between bases is 
small( ish), described by Cabbibo -
Kobayashi -Maskawa  matrix
ÅUnitary  3x3 ð ὠ ὠ

not all parameters independent!

ÅMagic of KM mechanism: not 
enough arbitrary phases in the quark 
fields to make the unitary matrix 
describing the basis change have 
only real parameters: one phase 
survives!



FLAVOR EXPERIMENT TARGETS

ÅToo unstable! òalwaysó decays with ὸO
ὡὦ with real (on -shell W)
ÅInteresting things to do here, but not a 

lot of interactions to explore

ÅDomain of nuclear physics

Å(Well, mostly! Pion decays and 
Vud  still interesting for flavoré)

Åò(Quark) Flavor physicsó lives here. 
ÅHeavy quarks bind in long -lived 

mesons with many decay modes 
and many effective operators to 
probe
ÅWill focus on bottom and a little 

bit of strange here
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WHY FLAVOR FOR BSM?

ÅQuestions of why we have 
the pattern of masses and 
mixings we have (flavor 
problem) are deeply 
connected to questions 
about the Higgs mass and 
self-coupling (hierarchy 
problem)

ÅIn fact, Yukawa couplings 
are (from one point of view) 
quite literally inseparable as 
fermion loops contribute 
strongly to the running of 
the quadratic term!
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USING FLAVOR TO PROBE HIGH 
SCALES

ÅGeneric/agnostic approach to high scale 
NP lies in effective field theories (e.g. SMEFT)

ÅCan always integrate out high -scale 
renormalizable interactions to non -
renormalizable contact interactions
ÅSame procedure as compressing the W 

coupling down to Ὃ  at low scales

ÅThese operators exist even in the standard 
model as you move around the 
renormalization scale (thinking in Wilson 
picture)
ÅKey observation: these operators are not 

independent of one another
ÅWhether generated by SM or NP, 

patterns and relationships are imposed 
by the UV physics being integrated out
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INTEGRATED THINKING 

From G. Isidori at the ESPPU symposium

ÅBecause we care 
about patterns , we 
want to cast a wide 
net

ÅOur pathway to new 
physics is not a 
straight broad 
boulevard but 100 
winding forest paths
ÅNot all may be 
òcleanó but the 
cleanest ones may 
guide us to the 
others

One interesting 

operator will show up 

across many 

channels!
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SOME GENERAL LESSONS
ÅPathways to new physics in flavor are many, varied, and 

exciting
Åé but they are hard!

ÅSome trends weõll see in the following case studies:

ÅAll pathways lead through  the SM and QCD
ÅVery few truly òcleanó tests, often hidden asterisks 

ÅPatterns  are the key!
ÅAcross experiments
ÅAcross decays
ÅAcross techniques
Åé this is inescapably a community exercise
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EXPERIMENTAL CONSIDERATIONS
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KEYS FOR FLAVOR MEASUREMENTS
Momentum and mass resolution

Vertex resolution
Charged hadron separation

Lepton IdentificationCalorimetery

7 August 2025 P.M. Hamilton - SSI 2025 12



FACILITIES FOR B-QUARKS
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FACILITIES FOR B-QUARKS
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MACHINES FOR FLAVOR - BELLE 2

ÅAsymmetric beam energies
Åὄὄ nearly at rest in CM frame, boost into lab frame allows for time -dependent measurements

ÅNearly τ“ solid angle coverage

ÅExcellent acceptance and efficiency

ÅAbility to do full event reconstruction

ÅὩὩ ᴼɭτὛO ὄὄ
ÅReconstruct one ὄ, everything left should be the other ὄ!
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Long -term target: 50/ab



FACILITIES FOR B-QUARKS
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MACHINES FOR FLAVOR - LHCB

ÅLHCb: messy production, but exploit clean B hadron decays

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

ÅMost 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
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MACHINES FOR FLAVOR - LHCB

b-hadron
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CASE STUDY: 
SEARCHING FOR NEW PHYSICS IN 

ὦO ίЉЉ
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ELECTROWEAK PENGUIN DECAYS
Cartoons stolen from M Franco SevillaÅFlavor changing neutral current  

Loop -dominated, electroweak -driven -- 
very sensitive to fine details of EW 
interactions

ÅDilepton in final state ð good for high -
efficiency triggering and selection

ÅRich phenomenology of differential 
distributions

ÅHadronic (soft QCD) uncertainties 
extremely challenging! 
ÅGeneral lesson of these case studies 

that we will see: no path to new 
physics without a strong handle on 
the SM/QCD
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FULL DESCRIPTION OF THE DECAY
ÅA little (frightening -looking) 

phenomenology of  ὄᴼὑᶻЉЉ :

ÅPseudoscalar ( ὐ π ) decaying 
to vector ρ  and two spinors:
ÅPhase space described by 3 

angles and one energy scale
ÅLooks really complicated, 
DONõT WORRY ABOUT DETAILS

ÅKey observation is that these 
angular distributions are super 
sensitive to the details of this loop 
and who is in it
ÅBasically, NP effects that may 

wash out when averaged over 
phase space can be visible in 
angles ð sensitive to very subtle 
effects
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ANATOMY OF ὑᶻЉЉ
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Å2d plot very instructive.

ÅCan see some processes 
very clearly, as well as 
òdiffuseó backgrounds 
and signal process

ÅNote log color scale



ANATOMY OF ὑᶻЉЉ

P.M. Hamilton - SSI 2025 237 August 2025

Å2d plot very instructive.

ÅCan see some processes 
very clearly, as well as 
òdiffuseó backgrounds 
and signal process

ÅNote log color scale



ANATOMY OF ὑᶻЉЉ
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Å2d plot very instructive.

ÅCan see some processes 
very clearly, as well as 
òdiffuseó backgrounds 
and signal process

ÅNote log color scale



ANATOMY OF ὑᶻЉЉ

P.M. Hamilton - SSI 2025 257 August 2025

ÅDifferent contact 
operators contribute to 
different and interfere in 
different regions of ή



ANATOMY OF ὑᶻЉЉ
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E&M Mediated
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Pseudovector 

Mediated



TENSIONS
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HPQCD PRD 107 (2023) 119903
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PRL 127 (2021) 151801

JHEP 11 (2026) 047

+JHEP 04 (2017) 142 (erratum)
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Branching fractions vs ή Angular distributions



TENSIONS
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ÅTensions, but do we really understand the 
SM+QCD enough to say they are 
significant? 

ÅDo we understand our efficiencies 
enough?

ÅHard questions without easy answers!



WHAT TO DO?
ÅThink in terms of our effective operators*

ÅScale 1: òShort distanceó in a nutshell: 
all processes at scales we are integrating out. 
Basically from ‘ ά ᴼ‘ ɤ

ÅNew physics lives here!

ÅKey feature : expect to be òflató in ή

ÅRemember how these contact terms 
get defined! ή ὓ ὓ

ÅLong distance  in a nutshell:
processes contributing near ‘ ά

ÅForm factors, off -shell intermediate states, 
loops

Åή same order as intermediate state masses, 
nontrivial ή dependence

*For theory -attuned types, what I am handwaving at is the WET after mapping the SMEFT
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òFIT FOR EVERYTHINGó
ÅCan exploit this different ή 

dependence!

ÅExample: LHCb unbinned  
analysis of complete allowed 
ή region
ÅFit for both local and 

nonlocal amplitudes using 
dispersion relationships

ÅDonõt want to bog down in 
details, just note òfit for 
everythingó is a valid and key 
part of your equipment on the 
pathway to NP
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òFIT FOR EVERYTHINGó

ÅKey for us here, note 
that the òlong distanceó 
(low energy SM+QCD) 
effects can change the 
spectrum a lot!
ÅHere not enough to 

fully explain the data, 
but itõs not negligible 
either!

ÅCanõt escape QCD
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CONNECTIONS

ÅBut flavor physics isnõt individual 
channels, itõs a broad tapestry!
ÅOf course we have ὄᴼὑ‘‘, ὄᴼ
ὑ““‘‘, various charge 
permutations, ὄᴼ‰‘‘é 

ÅBut also! Operators for ὦO ίЉЉ can 
drive deviations in other channels, 
e.g. the ultrarare ὄ ᴼ‘‘
ÅOften these provide 

complimentary constraints and 
can allow for better precision or 
discernment of NP
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FUTURE
ÅA lot  more can be said about these 

various long distance  effects and how 
well we know the shapes and can 
extract this
ÅUnfortunately, we are already at the 

end of my expertise!
ÅIn my opinion: a story worth 

following!

ÅOne thing I can  say for sure: weõll have 
a lot more data to play with soon!
ÅLHCb Upgrade is producing an 

absolutely mind -boggling firehose of 
data 
ÅWill take time and effort to reach 

same level of understanding ð 
essentially an entirely new detector!

7 August 2025 P.M. Hamilton - SSI 2025 33



GOING FURTHER
ÅStepping away from Љ ‘ȟὩ gives 

many related modes which will be 
ever -more -important pathways to 
new physics in the future

ÅὦO ί’Ӷ’

ÅὦO ί††

ÅὦO ί†‘έὶ Ὡ
ÅBelle-II will be extremely powerful 

here, and is already flexing with a 
fraction of foreseen dataset

ÅAll give complimentary and 
supplementary looks at the òterrainó 
to find our pathway to new physics
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HOT TOPIC: LFU
Okay, maybe not such òrareó flavor processes hereé
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LEPTON FLAVOR UNIVERSALITY
Å In Standard Model (SM), 

charged lepton flavors are 
identical copies  of one 
another
ÅElectroweak couplings are 

trivially equal for all three 
flavors by construction, only 
Higgs Yukawa couplings 
differentiate them
ÅAmplitudes for processes 

involving Ὡȟ‘ȟ† must all be 
identical up to explicit mass 
dependence (phase 
space, fermion helicity)
ÅTested in many systems
ÅὤᴼЉЉȟὡᴼЉ’ȟ†O
Љ’Ӷ’ȟ“ᴼЉ’ȟὑᴼ“Љ’, etc...

ÅUniversality of the EW 
interactions does not 
necessarily imply 
universality of physics 
beyond the SM
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WHY THINK ABOUT NON-UNIVERSAL NP?

ÅPossibility that the 
hierarchy in Yukawa 
couplings points to 
multiple scales

Å3rd gen couplings 
largest due to being 
the nearest scale
ÅNatural place for 

hierarchy problem 
solution to live

Å1st/2 nd  gen couplings 
generated at much 
much  higher scales
ÅEvades high -PT 

bounds easily
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R(DX) CHARGED CURRENT LFU RATIOS
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ònormalizationó

ὄ ᴼὈᶻ† Ӷ’
òsignaló

PV

PV

Ὀ

ὙὈᶻ ḳ
ꜞὄᴼὈᶻ† Ӷ’

ꜞὄᴼὈᶻЉ Ӷ’Љ
o Theoretically clean due to cancellation of most of the form 
factor uncertainty

ÅSM: ὙὈᶻ πȢςυτυ HFLAV, Phys. Rev. D 107, 052008

        ὙὈ πȢςωψτ     + web updates

o † ᴼЉ Ӷ’Љ’

ÅDirect normalization from identical (visible) final state

ÅMust disentangle from ὄ ᴼὈz ‘ Ӷ’ in fit

o † ᴼ“““ “ ’

ÅMore information from † vertex

ÅReliant on external measurements to get back R(D*)

o Challenge: missing particles in final state means inclusive 
analysis means lots of background (especially at LHCb)

’
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CANCELLATIONS AND NOT

ÅSchematically, you have like
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and the blue integrands are equal at each ή but the helicity -
flip  contributions are not  and the phase space is different

ÅReminder: helicity -flip ~ coupling of the longitudinal W to 
the right -handed  tau (story varies by gauge)
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BELLE-II  HADRONIC ὄ

Calorimeter deposits 

not used in 

reconstruction can 

discriminate 

correctly vs wrongly 

reconstructed 

events

Figure from M. Rotondo, CKM2016
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Reconstruct signal 

AND other B 

meson in hadronic 

decay mode 

Missing energy 

and momentum 

ᴼά  

PRD 110, 072020 (2024)
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PRD 110, 072020 (2024)

Signal nicely appears at high missing mass. Control of backgrounds in calorimeter and shapes 

of backgrounds key in future!


