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Lepton universality

oln SM, charged lepton flavors are identical copies of one another

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

o Amplitudes for processes involving e, u, T mustall be identical up to effects
depending on lepton mass (these effects can be large!)

o Examples:
e B(Z-ete )=BZ->utu )=B(Z->1t1t)
> BA(2S) = ete™) = B(2S) » utu~) = B((2S) - t+17)/0.3885

o->0bservation 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

o Z >, W - v, Tt - fvv,mt - fv,K - nfv, etc...

> These provide very strong limits on nonuniversality in the SM electroweak
interactions



Nonuniversality in NP

oUniversality of the EW interactions does not necessarily imply universality
of physics beyond the SM

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

o Examples: A°, HE, 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




SM flavor structure and B physics basics

oStandard model flavor structure is described by the
Cabibbo-Kobayashi-Maskawa mixing matrix

2 .
oVekm hierarchical & nearly diagonal 1- ’\7 A A)\3(p - 277)
) 2
o Quark flavor transitions mixing different generations -\ -7 A
suppressed AN(1-p—in) —AN 1

o 3rd generation especially “isolated”

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

o |Vp|~0.04

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

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

o Very Important for hadron collider b
tagging/reconstruction

o Allows access to time-dependent phenomena



The players




Cast (1/3): BABAR/PEP-II

SVT Measures origin of charged particle trajectories
DCH Measures momentum of charged particles
DIRC Identifies particles by their Cherenkov radiation
EMC Measures energy of electrons and photons

IFR Identifies muons and neutral hadrons

Instrumented Flux Return (IFR)
(resistive plate chambers)

Superconducting Solenoid

o5-layer inner silicon strip
tracker (SVT) plus 40-
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Electromagnetic
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(quartz bars)

Y

Drift Chamber (DCH)
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et injeclor

layer multicell drift
chamber (DCH) ina 1.5
Tesla axial B field

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

> PID at low p from dE/dxin
both DCH and SVT

oCsl(TI) crystal
calorimeter

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

oY (4S) dataset:_
~ 470 x 10°BB pairs

_—‘ 3 km .  for Y(4S)running -—



Cast (2/3): Belle/KEKB
o3/4-layer double- ol =<

sided Silicon Tracker = Aerogel Cherenkov cnt.

plus drift chamber < AN S, n=1.015~1.030
SC solenoid & ® .«

. ) 3.5GeV e+
oParticle ID via 1.5T -
measurements of Csl(T1)16Xo
time of flight and TOE ¢oiinter

Cherenkov counter 8GeV e-

oExceIIgnt U/ K; ng+dE/dx
detection “small.cell + He/CzHs

oCsl(TI) crystal
calorimeter
measures photon
energies and assists

in PID

0Y(4S) dataset: =
770 X 10°BRB pairs

u/k. detection
14/15 lyr.RPC+Fe

Positrons

Si vtx.det.
3 lyr.DSSD




Cast (3/3) LHCb/LHC

Single-arm spectrometer—2<n<5

bb production
dominately

at lower p:
parton CM frame
highly boosted

peaz, HCAL
SPD/PS M3
RICH2
T3

M4 M5

LHCb MC
s =8 TeV

At 7 TeV.
Oinel ~70 mb
O, ~ 6 mb
Opp ~ 280 pb

oSingle arm spectrometer optimized for beauty and charm physics atlarge n:
o Trigger: ~“90% efficient for dimuon channels, ~¥30% for all-hadronic

Tracking: 6,/p ~ 0.4%-0.6% (p from 5 GeV to 100 GeV), 6p < 20 um
Vertexing: o, ~ 45 fs for B.—J/bd
PID:97% pID for 1-3% n—>umisID

[e]

o

o

[}

Dipole magnet polarity periodically flipped to change the sign of many reconstruction asymmetries
olnstruments < 3% of the solid angle to cover 27% of the b-quark cross-section

oRunldataset: 3fb!, Run2 datataking has already begun with 50ns ramp



b hadron production

Figure from T. Lick’s talk at ICHEP 2014
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oB-factories: exploit clean BB production from Y(45S)
> Event shape discriminates BBvsete™ — qq, q = u,d, s, ¢
> B mesons fly together, easy to cross-feed tracks between the two B mesons

oLHCb: exploit clean B hadron decays

o At LHC energies, b hadrons fly macroscopic distances before decaying: use displaced
vertex, large impact parameter of charged tracks, etc

o Production is gg = bb + MPI + showering + ISR + -+, very messy



Selected Results




Tau

oB-factory measurementsinete™ - vt~
have been used to set tight limits on
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EW penguin
decays

ol =
O

GELLE

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




Electroweak Penguins

oPenguin transitions stringently test the ‘ - d
structure of the electroweak interaction S
B e ~a K0
° Loop structure with almost SN
all major SM players at once: W, Z,y,t Pl o eV e
> New particles connected to EWSB can 7.2°
appear and introduce g2- or angular-dependent "
interference X
1

oExcellent targets for both LHCb and B-factories
o Dilepton in final state allows for clean event selection

> Rich phenomenology with scalar and vector hadronic final states (K or K™)
> SM calculations become unreliable near m(£€) = m(J /y), m(y(25))

o (tree-level b — ccs amplitudes, cc vacuum polarization, long distance effects...)

olLepton universality test: standard lore is that

- tu~
R(K) = BB-Ku* 1) =14+ 0(1073) if only y, Z participate

B(B—»Kete™)




More on decay structure

oR(K) measurements can be
performed anywhere in g2

o B-factory measurements in 0 z/;('zs)
high and low regions T

oLHCb only measures below to
g% < 6 GeV?

° 1) resonances may dilute out
NP contributions

3 )

Long distance
contributions from CC
above open charm
threshold

C'(rl)cggl)

interference

> high g? is very poorly
modeled by naive 4 [m(p)]?
factorization

2
T(25)

Factorisation

W(3770) T (4160)

T(4040)

[BY — Ktpup]/1077GeV ™!
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arXiv: 1406.0566



Analysis

15-(0) BoKp w it
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| Combinatorial
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Candidates / ( 40 MeV/c?)

Candidates / ( 12.5 MeV/c?)

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

o LHCb: fit directly in reconstructed mass

2

. . . E* %k
B-factories: cut on E — Epeqm, fitin mgg ge = J( ZM) — (pg)?

o Belle additionally fits in 8g=angle between B and beam in CM frame

oNon-B background suppressed by multivariate classifiersin all experiments



Results

oGood compatibility between various experiments —@-LHCb -m-BaBar -a—Belle

(by eye) )

. . M
Belle: e

Ry = 1.03+ 0.19 + 0.06

LHCDb

> BaBar:
Rk, q?<g12Gev? = 0.741“8:3(1) +0.06 1.5 il

Rk, ¢?2>1011Gev2 = 1.4370%3 £ 0.12

—
1 11
—p—
L1 1 1

o LHCb: SM

Ry s2<ecev? = 0.745%00%% +0.036

+

0.5

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

1 | L 1 1 L | L L 1 1 | L L 1 L | L L

S 10 15 20
q* |GeV?¥c?

oRelated results:

o Belle:
Ry =083 +0.17 £ 0.08

o BaBar: 0.48
Ry* q2<g12Gevz = 1.067533 +£0.08

Ry* q251011Gev? = 1-18t8:§§ +0.11

- D

L <o

© LHCb Y“C\Q gBABAR BELLE
analysis ongoing PRL 113 (2014) 151601 PRL 103 (2009) 171801
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SM predictions: JHEP 07 (2011) 067; JHEP 01 (2012) 107; \Phys. Rev. Lett. 111 (201 3} 162002

oOther similarly-sized deviationsacross b — suu 5o O %
measurements: E i s — puu o
> Branchingfractions consistently below expectationsat % S
low g* 5 1 i
o Angular variable Ps' in poor agreement 3 S
Xl =
oCombined fitto b — suu gives P="~0.02 for standard E ' ' L
model
> Preferred NP operators contribute left handed b — s 0 ]
FCNC [PRD 90 (2014) 054014] LB = K*Ouu e 1
05 preliminary . S
}% ‘ -SMfromDHMVE gl
oBut high-scale dynamics that generates these must be of i
SU@3)¢ x SU(2);, x U(1)y invariant! ; I+ 5
> Implies related charged currents... 03 —+ + N S
(arxiv 1412.7164, 1506.01705, 1506.02661) e T
o Ok, half conspiracy theory, half convenient segue... K 5 10 15

q* |GeV¥H 4



Semileptonic
decays

ol =
O

GELLE

PRL109(2012) 101802 arXiv: 1506.08614 arXiv:1507.03233
PRD 88 (2013) 072012 Submitted to PRL Submitted to PRD




Semileptonic _B decays

'+ +' ' 1,600 ' -

N ' $ + % . B B>X.ev ] Luth, V.G.
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9 4 ¢ g 1,200 — B Combinatorial ] Ann.ual
= + . n I | Review of
@ 4 o Nuclear
a o B0 = A
w00 ¢ - a Science, 61
'% ++ Belle ¢ .E Belle (2011) 119-
weop . g5 “° 148
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E: (GeV) M?2(GeV?)

o“Beta decay” of B hadrons — signature is lepton (u or e (or t!)), recoiling hadronic
system, and missing momentum

oTheoretically well-understood in the SM
o Tree level virtual W emission — strong V-A structure

o No QCD interaction between the lepton-neutrino system and the recoiling
hadron(s)

o B - W*tD® half of the decay still needs non-perturbative input

oCharged lepton universality implies branching fractions for semileptonic decays to
e, U, T differ only phase space and helicity-suppressed contributions



What we vvant to measure

R(D®) = B(B ~ D" w)
B(B - D(*)‘g_V£)

oTheoretically clean due to cancellation of form
factor uncertainties

o Poorly-measured helicity suppressed
amplitudes give dominant uncertainty

" SM; gt
E *) = 0.252(3) PRD 85 094025 (2012) 3 =D e
R(D) = 0.300(8) arxiv:1505.03925 normalization

oExperimentally nice with T~ — £7v,v;
o Results in identical (visible) final state

o large, well-measured BF:
B(t™ > uvv,) = (1741 £0.00)% [N
o Expected (signal)/(normalization)=0.439% (NN .
> Disentangle from BY — D*+£‘17H using
invariant mass of invisible system, lepton b
energy spectrum 0> U




Distinguishing b — ct(— fvv)v from b — cfv
oln B rest frame, three key kinematic variables:

Alternately

q* = (ps—pp*)*
m12’niss >0 mfniss =
E; spectrum is soft E| spectrum is hard
m? < g2 < 10.6 GeV? ~ 0 < g% < 10.6 GeV?



B-factory techniques (continued)

o

D® candidatein sum
of exclusive channels
covering O(1/4) of
charm total width

“Hadronic tagging”
algorithms semi-
inclusively reconstruct

a hadronically
. <
decaying B meson B
- —> € oru
Aj-) L
@ Neutrino system
EMC energy used to pick “best” strongly constrained

reconstruction for a given eventand o+ by reconstruction of
to select D*rt control sample the rest of eventm? ;.

oSelect events with g% = (pp + Priss)? = (P — Pp)? > 4 GeV?




arXiv: 1507.03233
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oFit is performed in mass squared of invisible system vs lepton momentum in B
frame

- Split between D?, D*, D0, D** samples

o Distributions for fit taken from simulation
> Missing mass squared best discriminator of signal from normalization (D) #v)

> Backgrounds separated in mm and pl for BaBar, special neural net for Belle




Fits — BaBar

100

oBaBar published their hadronically-
tagged result on the final dataset in
2012/2013 (PRL+detailed PRD)

50

40 .
o so|- M ’ oResult showed tantalizing tension
Egk'g. 2 r with SM: 3.4 sigma including

correlations!

PRL 109 (2012) 101802
PRD 88 (2013) 072012

oThis is where things stood until FPCP
this year, when two new
measurements were released!




New R(D(*)) Results
‘% E B D*v —_
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01—
‘%500: -
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400
300F oAt FPCP2015, Belle weighed in with
ok their full dataset
: o Result shows no serious tension
100 with either BaBar or SM (almost
““““ o splits the difference by eye)
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Mis(GeV7Ic)

arXiv: 1507.03233




What about LHCb?

oln hadron collisions, things are not nearly as “nice” as in Y(4S) decay
> Unknown CM frame for gg — bb production
o Lots of additional particles in the event (showering, MPI etc)

oDifferent handles are needed to deal with (1) missing neutrinos and
underconstrained kinematics as well as (2) large backgrounds from partially-
reconstructed B decays



LHCb-PAPER-2015-025 supplementary
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*Resolution on rest frame variablesdoesn’t matter much because distributions are broad
to begin with

> A well-behaved apBroximation will still preserve differences between signal,
normalization and backgrounds

> Take (yﬁz)ﬁ = (yﬁz)D*u = (pz B —

__Mp
m(D* )

*18% resolution on B momentum approximation gives excellent shapes to use for fit

(pZ)D*[,L



*Using rest frame approximation, construct 3D “template” histograms for each process

contributingto D*Tu~ sample

o Signal, normalization, and partially reconstructed backgrounds use simulated events,
other backgrounds use control data

*Reduce partially constructed backgrounds with LHCb’s excellent tracking
> Scan over every reconstructed track and compare against D**u~ vertex

o Cut on most SV-like track below threshold: get signal sample enriched in exclusive
decays. Rejects 70% of events with 1 additional slow pion

o Cut on most SV-like track(s) being above threshold: get control samples enriched in
interesting backgrounds (B —» D**¢fv, B - D*H.(—» uvX')X, H. = any open charm)

v

Candidate track

Underlying
Event

PV




Fit Result — Full projections

107 arXiv: 1506.08614
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*Projections of (left) m2,;ss and (middle) Ej; and (right) g°

Signal clearly much smaller than normalization, as expected from phase-
space suppression combined with B(T_ - ,u_vuvr) = 17%

*Result: R(D*) = 0.336 + 0.027 + 0.030



Systematics

Model uncertainties Absolute size (x107%)

Simulated sample size 2.0 Expected to be reduced
I\;ﬁ[isidcntiﬁed 1 template shape E for future R(D) + R(D")
B” — D** (7= /u~)¥ form factors 0.6

B — D**H.(— prX')X shape corrections
B(B — D*7~v,)/B(B — D*u~v,)

B — D**(— D*rr)uv shape corrections
Corrections to simulation

Combinatorial background shape

B — D**(— D**r)u~ v, form factors

B — D*T (D, — Ttv)X fraction

Will scale down
with more data (Run2)

el ol i Rl b
— H= = T

Total model uncertainty 2.8
Normalization uncertainties Absolute size (x107%)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(t~ — p~ouv;) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0




Combined R(D*) data Z;i—é

A) 7
1

— 0.5 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1
* N -
a) - = BaBar, PRL109,101802(2012) AY2=10 - .
E"' 0.45F = Belle, arXiv:1507.03233 A 4 R )avg = 0.322 + 0.022
- LHCb, arXiv:1506.08614 { R(D)gpy = 0.391 £0.050
u m— Average -
04 — p =—0.29
0.35 = —
0.3= =
025 = . -
- SM prediction P(x3) = 55% .
U. B 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 1 1 N
%.2 0.3 0.4 0.5 0.6
R(D)

*Plot and average from HFAG
° SM p-value=1.1 X 10™* -~ 3.9¢0



Other results of
note




Y(1S) decay

oNonuniversal effects in Y(1S5) — uu/tt it

can be induced by pseudoscalar Higgs A° I

(directly or via mixing with 1) g

2 -

g 1000 |-

oBaBar searched in Y(3S5) - Y(1S)nm " f
> Y(1S) — uu is fully reconstructed O e e T T I s s

2
M., (GeVicT)

> Y(1S) — 17 is selected based on :
missing energy after the Y(35) — st Du
Y (1S)mm dipion system is identified 2000 f-

1500

Events/(0.4 MeV/c)

1000

500 &

oResult: g

i | 1 b L
44 9.445 9.45 9.455 9.46 9.465 9.47 9475 9.48

° Ry = 1.005 4 0.013 + 0.022 : i

1600 |
1400 £
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reco 2

M2 (GeVi/c?)
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Future Heavy Flavor Experiments

70
6

)

i

oete~ "
o Belle-1l / Super-KEKB

° Nanobeams, improved final focus, and doubled beam
currentsto reach 8 x 103> Hz / cm?

o Physics datato be§in in 2018, with a goal of

Goal: 50ab™

50 - -

40
30
20
10

b3
s 3@ Integrated Luminosity (ab
o

50ab™! = 6 x 101° BB pairs =B
5_”1: g 2
- 20I16 ‘20.18 20I20Year ZOIZZ 20I24
LHCb Upgrade Trigger Diagram
opp 30 MHz inelastic event rate
o LHCb Run 2: (full rate event building)
o 13TeV with 25ns spacing
> LHCb to collect 5fb~1 ~ 6 x 1011 bb in acceptance e
Full event reconstruction, inclusive and
o LHCb Upgrade: [exclusive kinematic/geometric selections]

o LHCb detector to be upgraded for increased
instantaneous luminosity running in LS2(2018/2019)

o All-new tracking system to cope with increased

Run-by-run detector
calibration

occupancy . :
© 40MHz synchronous readout plus all-software s e vt et
triggering

> Ir I

o 50fb~1 ~ 6 x 102 bb in acceptance 2-5 GB/s rate to storage



R (K) future prospects

ob — s still largely statistically limited (particularly in Bt » KTete™)

oNaievely scaling statistical error bars:
o LHCb 2018: R(K) = x.xx + 0.04 + 0.04
o Assumes no systematic uncertainty improvement—very pessimistic assumption

o Systematics currently dominated by trigger efficiencies. Can be reduced by
dedicated study

> Bellell: R(K) = x.xx +0.03+?

o Systematics currently codominated by a variety of sources. Probably can be
controlled with careful study...

> LHCb Upgrade: R(K) = x.xx + 0.02+?

o Here we will be dealing with an all-new trigger scheme. How well can we nail the
relative efficiency down?




T i T . R O B A

B D tv)

3 BF(D"tv)

R(D(*))

o Analysis is limited by the statistics available after
hadronic B-tagging.
o Expected scaling given on right

o Could reach 2% sensitivity after full luminosity is
collected

oLHCb:

o Situation is more subtle. Currently systematics
dominated, but dominated by MC stats

o Most systematics (e.g. shape uncertainties) scale
with data or control samples

o Systematic from misidentified muon background
requires more effort to reduce

o Uncertaintyon R(D*) of 7%-9% could be possible
with Run2 data, 3%-4% with upgrade

> Depends on how trigger efficiencies evolve

o (Assumes BaBarcentral value for comparison with
above plot)

‘Belle Il | iProjeetioni
HEHE | M

1 10
Integrated Luminosity [ab™]

Model uncertainties Absolute size (x1072)

Simulated sample size 20
Misidentified p template shape L6
B® = D**(r=/p~)v form factors 0.6
B — D**H.(— pvX")X shape corrections 05
B(B - D**r7.)/B(B - D" 7,) 05
B — D**(— D*nm)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 02
B = D**(— D**r)p~v, form factors 0.3
B = D**(D, = 1v)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x107%)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(r~ = ") <0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0




Summary

oB physics experiments are pushing lepton universality tests into new and
exciting territories beyond tests of the Electroweak interaction

oR measurements from electroweak penguin decays are reaching the 10%
precision level with LHCb Runl

o Further improvements expected to be rapid with LHCb Run2, Belle-Il, LHCb
Upgrade datasets

o Small tension in LHCb result can be related back to other tensions in
branching ratios at low g2.

o SM still provides a very respectable fit, but possibilities are tantalizing!

oSemitauonic branching fractions remain too large relative to SM
expectations

o P-level with respect to HQET+Lattice now at 10~ % level




Backup




B-factory measurements

*Exploiting the simple kinematics of Figure from T. Lick’s talk at ICHEP 2014
the ete™ = Y(4S) - BB reaction
o Small Q-value means no ' |
additional hadrons produced £ recol a
1w K

*“Hadronically-tagged” analyses oy -—}. T
preferred in channels with multiple B /
neutrinos - LTS5 L

> Reconstruct 2" B meson in
decay mode with no missing
particles

° Provides precise knowledge of p ¢
kinematics of missing system B

o Reduces backgrounds from
ete™ - cc and from background T ]
partially-reconstructed B decays K Y

o Allows use of calorimeter to veto
events with

o Efficiency of few 1073 -- costly!




FCNC generalities

oFlavor-changing Neutral Currents (FCNC) are forbidden at tree-level in the SM

o Ensured by GIM mechanism, assuming Higgs Yukawas are the only source of
flavor violation

oFCNCs in standard model first appear at second order in the weak interaction:
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Reducing partially reconstructed backgrounds

v

Track IP

Underlying
Event

\
\
\
*‘ \
\
\
\ \
\ .

PV

oMake use of superb tracking system
> Scan over every reconstructed track and compare against D**u~ vertex

o Check for vertex quality with PV and SV, change in displacement of SV, pr, alignment
of track and D** 1~ momenta

oEach track receives BDT score as “SV-like” (high) vs “PV-like” (low)

o Cut on most SV-like track below threshold: get signal sample enriched in
exclusive decays. Rejects 70% of events with 1 additional slow pion

o Cut on most SV-like track(s) being above threshold: get control samples

enriched in interestini backirounds iBsttsti Bthi



Semileptonic Backgrounds

LHCb-PAPER-2015-025

B° - D (2420)u"v, vs B - D** 17
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oContributions of excited charm states in the B¥? — (c@)uv transition are large
o 1P states decaying as D*m known and reasonably well-described by theory (HQET)
o D**u~m~ control sample sets nonperturbative shape parameters for input to signal fit

o Statesdecaying as D*rrm less well-understood, fit insensitive to exact composition.
o D**u~mtm™ control sample used to correct g2 spectrum to match data

oDistinguishable by “edge” at missing mass ~ (2)m,,



B - D*"H.(—» uvX")X background

o b — cCq decays can lead to very similar shapes to the semitauonic decay
(e.g. B > D**D; (= ¢puv) +manyothers)
o Highly suppressed in B-factory analyses due to complete event reconstruction, but

(o]

very important at LHCb

Branching fractions well-cataloged, but detailed descriptions of the
D*DK(n = 0 m) final states are not well-simulated

o Dedicated D**u~K* control sample used to improve the template to match data
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Big picture B —» D*Tv

B° - D**u~v, (normalization)

B° - D**u~v,+B° - D**17v,
B~ - D**°u v, + B~ - D%t 71,
D** - D**rr (3 states each, 6 PDFs)

By = Dy*tu~v,
D3t —» D*TKQ, (2 states, 1 free param)

B> D™uty,
D™ —» D*"nm, (cocktail)

B - D**H.(— uvX"X
+B - D**D; (» 17 v)X

h — u misidentification
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Control sample fits to constrain shapes
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Detailed fit
projections

*Projections of (left) mfniss

and (right) EE in bins of
increasing g from top to
bottom

*Signal more clearly visible
here in highest g2 bin
o Note different y scales,
most signal actually in
second-highest g bin
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