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Lepton universality
oIn SM, charged lepton flavors are identical copiesof one another

Electroweak couplings are trivially equal for all three flavors by construction, only 
Higgs Yukawa couplings differentiate them

Amplitudes for processes involving Ὡȟ‘ȟ†must all be identical up to effects 
depending on lepton mass (these effects can be large!)

Examples:

ꜞὤᴼὩὩ ꜞὤᴼ‘‘ ꜞὤᴼ††

ꜞςὛO ὩὩ ꜞςὛO ‘‘ ꜞςὛO †† ȾπȢσψψυ

o->Observation of violations of lepton universality would be a clear sign for 
physics beyond the standard model

Searches have been underway for violations in a number of different systems over 
the years

ὤᴼЉЉȟὡᴼЉ’ȟ†O Љ’Ӷ’ȟ“ᴼЉ’ȟὑᴼ“Љ’, etc...

These provide very strong limits on nonuniversalityin the SM electroweak 
interactions
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Nonuniversality in NP
oUniversality of the EW interactions does not necessarily imply universality 
of physics beyond the SM

oIn particular, new physics preferentially coupling to the 3rd generation is 
usually less well-constrained, and can modify SM charged and neutral 
currents

Examples: ὃȟὌ , new vectors coupled to SM Higgs doublet, leptoquarks

oMany models are strongly constrained by high-Pt searches, but can be 
tuned to evade these bounds while preserving their effect on heavy flavor 
searches

oLFU measurements in heavy flavor decay provide additional constraining 
power beyond light flavor and tau decay measurements
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SM flavor structure and B physics basics
oStandard model flavor structure is described by the 
Cabibbo-Kobayashi-Maskawamixing matrix

oVCKMhierarchical & nearly diagonal

o Quark flavor transitions mixing different generations 
suppressed

o 3rd generation especially άisolatedέ 

oThis leads to suppression of all tree-level b quark decay 
amplitudes 

o |Vcb|~0.04

o Makes B physics quite sensitive to NP generically 
misaligned with CKM

oAlso leads to long b quark lifetime: 
cŰB ~ 400ɛm! (= about 2x charm lifetime)

o Very Important for hadron collider b 
tagging/reconstruction

o Allows access to time-dependent phenomena

tcu

d s b
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The players
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Cast (1/3): BABAR/PEP-II
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for  (4S) running

for (4S)

running

o5-layer inner silicon strip 
tracker (SVT) plus 40-
layer multicell drift 
chamber (DCH) in a 1.5 
Tesla axial B field

oDedicated Cherenkov 
PID system with quartz 
(n~1.474) radiator

PID at low p from dE/dx in 
both DCH and SVT

oCsI(Tl) crystal 
calorimeter

oMagnet flux return 
instrumented with RPCs 
and/or LSTs (depending 
on run period)

oɭτὛ dataset: 
τχπρπὄὄpairs



Cast (2/3): Belle/KEKB
o3/4-layer double-
sided Silicon Tracker 
plus drift chamber

oParticle ID via 
measurements of 
time of flight and 
Cherenkov counter

oExcellent ‘Ⱦὑ
detection

oCsI(Tl) crystal 
calorimeter 
measures photon 
energies and assists 
in PID

oɭτὛ dataset: 
χχπ ρπὄὄpairs

7



Cast (3/3) LHCb/LHC

oSingle arm spectrometer optimized for beauty and charm physics at large :́

Trigger: ~90% efficient for dimuonchannels, ~30% for all-hadronic

Tracking: ůp/p ~ 0.4%ï0.6% (p from 5 GeVto 100 GeV), ůIP < 20 ɛm

Vertexing: ůŰ~ 45 fs for BsςγWκ˕˒

PID: 97% ɛID for 1-3% ́ïüɛmisID

Dipole magnet polarity periodically flipped to change the sign of many reconstruction asymmetries

oInstruments Ṃ3% of the solid angle to cover 27% of the b-quark cross-section

oRun1 dataset: 3fb-1, Run2 datatakinghas already begun with 50ns ramp
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Single-arm spectrometer ï2 Ò ɖÒ 5
ōōproduction

dominately
at lower pT:
parton CM frame

highly boosted

At 7 TeV:

ůinel ~70 mb

ůccↄ  ~ 6 mb

ůbbↄ~ 280 ɛb



b hadron production

oB-factories: exploit clean BB production from Y(4S)
Event shape discriminates ὄὄvs ὩὩ ᴼήήȟή όȟὨȟίȟὧ
B mesons fly together, easy to cross-feed tracks between the two B mesons

oLHCb: exploit clean B hadron decays
At LHC energies, b hadrons fly macroscopic distances before decaying: use displaced 
vertex, large impact parameter of charged tracks, etc
Production is ὫὫO ὦὦ ὓὖὍίὬέύὩὶὭὲὫὍὛὙỄ, very messy
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Figure from T. LǸŎƪΩǎtalk at ICHEP 2014

ὄ ᴼὈ ᴼὑ ὑ “ ‘ Ӷ’?



Selected Results
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Tau
oB-factory measurements in ὩὩ ᴼ††
have been used to set tight limits on 
nonuniversalityin the electroweak 
interaction

o† decays to different charged leptons are 
calculable in the SM and naturally have 
negligible hadronic uncertainty. Thus:

oWaveragevalues with uncertainty of 
ρȢυײַ ρπ have been obtained using 
information from B-factory measurements 
(esp. mass, lifetime)
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PoS:KAON054 2008 + HFAG 2014

arxiv 1112.3815

HFAG 2014



EW penguin 
decays
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PRD 86 (2012) 032012PRL 113 (2014) 151601 PRL 103 (2009) 171801



Electroweak Penguins
oPenguin transitions stringently test the 
structure of the electroweak interaction

Loop structure with almost
all majorSM players at once: ὡȟὤȟȟὸ

New particles connected to EWSB can 
appear and introduce ή- or angular-dependent 
interference

oExcellent targets for both LHCband B-factories
Dileptonin final state allows for clean event selection

Rich phenomenology with scalar and vector hadronic final states (ὑέὶὑz )

SM calculations become unreliable near άЉЉ άὐȾȟάςὛ

(tree-level ὦO ὧӶὧίamplitudes, ὧӶὧǾŀŎǳǳƳ ǇƻƭŀǊƛȊŀǘƛƻƴΣ ƭƻƴƎ ŘƛǎǘŀƴŎŜ ŜŦŦŜŎǘǎΧύ

oLepton universality test: standard lore is that  

Ὑὑ ḳ
ꜞ ᴼ

ꜞ ᴼ
ρ ρπײַ if only ȟὤparticipate
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More on decay structure
oR(K) measurements can be 
performed anywhere in ή

B factory measurements in 
high and low regions

oLHCb only measures below to 
ή φ'Å6
resonances may dilute out 
NP contributions

high ή is very poorly 
modeled by naïve 
factorization
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arXiv: 1406.0566

Cartoon taken from C. LinnΩs FPCP 2015 slides



Analysis

oAnalysis is (relatively) straightforward at all facilities
Fully reconstructed final state

LHCb: fit directly in reconstructed mass

B-factories: cut on Ὁ Ὁ , fit in ά ȟ ḳ
ᶻ

ὴz

Belle additionally fits in —=angle between B and beam in CM frame

oNon-B background suppressed by multivariate classifiers in all experiments
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BABAR
(high q2)

LHCb
(left: electron triggered category)

PRL 113 (2014) 151601

PRD 86 (2012) 032012

Fit
Signal
Combinatorial
Hadronic
Cross-feed



Results
oGood compatibility between various experiments 
(by eye)

Belle:
Ὑ ρȢπσ πȢρω πȢπφ

BaBar:
Ὑȟ Ȣ πȢχτȢ

Ȣ πȢπφ

Ὑȟ Ȣ ρȢτσȢ
Ȣ πȢρς

LHCb:
Ὑȟ πȢχτυȢ

Ȣ πȢπσφ

oMore data clearly needed here to clarify the 
situation and set harder limits in this system

oRelated results:
Belle:

Ὑ ᶻ πȢψσ πȢρχ πȢπψ
BaBar:
Ὑ ȟz Ȣ ρȢπφȢ

Ȣ πȢπψ

Ὑ ȟz Ȣ ρȢρψȢ
Ȣ πȢρρ

LHCb:
analysis ongoing 
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PRD 86 (2012) 032012PRL 113 (2014) 151601 PRL 103 (2009) 171801



Entertaining hypotheticals�Y

oOther similarly-sized deviations across ὦᴼί‘‘
measurements:

Branching fractions consistently below expectations at 
low ή
Angular variable ὖᴂin poor agreement

oCombined fit to ὦO ί‘‘gives P=~0.02 for standard 
model

Preferred NP operators contribute left handed  ὦO ί
FCNC [PRD 90 (2014) 054014]

oBut high-scale dynamics that generates these must be 
ὛὟσ ὛὟς Ὗρ invariant!
LƳǇƭƛŜǎ ǊŜƭŀǘŜŘ ŎƘŀǊƎŜŘ ŎǳǊǊŜƴǘǎΧ 
(arxiv1412.7164, 1506.01705, 1506.02661)
hƪΣ ƘŀƭŦ ŎƻƴǎǇƛǊŀŎȅ ǘƘŜƻǊȅΣ ƘŀƭŦ ŎƻƴǾŜƴƛŜƴǘ ǎŜƎǳŜΧ
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ὄ ᴼ‰‘‘

ὄ ᴼὑᶻ‘‘
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See M.Kolpintalk from Monday


