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Goals today:

oThis talk:

Show how LHCb uses the strengths of its detector to
overcome the limitations of thenvironment

Focuson key techniques-notacompletea | Y I £ € ¢
aSYAYIl NE

oBeyond this talk:
Stimulate thinking about new ways to use the
iInformation youhave toapproach analyses in new
gléa |yR dzyft 201 aAYLR2aaa
t NBOSY (G &2dz FNRY O0SAy3 f
analysis paradigms as the only way to do things
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oHadronic B decays
LHCDb standard technique overview

New technology im © v *“
Extensions

oSemileptonic B decays
General LHCb approaches
Tau analyses
Muonic
3-prong

oUpgrade preview
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Heavy Flavor at LHC

LHCb MC

o . |LHCb MC
c |Is= 8TeV
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TheLHCIDetector

oLHCb appi _
instrumenting < 3% of the solid angle

proach: focus on forward direction: cover 27% (25%) of (pair) production wh

Lumi @ LHde6~ A Fai Fi O 1 fir mmandfi produced in acceptance (~400 billion per
ard y

snowmasstan

ear

oCoverage is from p U O AZ& (g )i O Airthe horizontal (vertical)

pJ4 ¥ (very roughly)

ECAL HUAL
SPD/PS

RICH2 My

Magnet

M4 M3

1

VELO Performance Paper:
JINST 9 (2014) P09007



TheLHCIDetector

Charged particle<fi M} “ h) ) are bent into/out of the page and their
charge, momentum, and trajectory are measured (dipole spectrometer)

ahadron decay products are distinguished from profmoton collision
fragments via their impact parameter with respect to reconstructed pp
vertices
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TheLHCDetect

Dedicated Gas Cherenkov
detectors provide
measurements of— —0T®
to separate different particle
species

Magnet

———

or

High-energy muons are not
easily stopped by material and
are identified by their exiting
out the back of the detector

. Muon Performance Paper:

RICH Performance paper; ~ —E-&— 2%
Eur. Phys. J. C 73 (2013) 2431
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o Bfactories:exploit clean BRroductionfromQQ © | (t )Y 66 0 c¢m® A6
A prioriknowledge of B energy and collision CM, no extra particles in signal event:

Easy to crosfeed tracks due to low CM momentum of B mesons . _ _.
Event shape needed to separaie vs more frequenQQ Q © nnhn ohh hw

o LHCbexploit clean B hadrodecay vertex
At LHC energies, b hadrons fly macroscopic distances before decay: use displace
vertex, large impact parameter of charged traaits,
Production iSQ'@ ww 0 0 Oi Q¢ 0 Qi "QEYYE, many extra tracks, very
large background for neutrals



L HClEvents
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Example

oExcellent example of a mode that
plays to LHCb strengthg: © 0

Only two tracks to reconstruct (high
efficiency)

Kaon in final state (most PV tracks
arepions

¢ p m branching fraction is large
(enough) givem Tww's
Momentumand vertex (~ lifetime)

resolution allows clear separation of
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B° - K™=, B° - KO,
Bt - K*n% Bt - K°x*
Dominated by QCD
penguin diagrams

* Suppressed by loop

* Tree suppressed by V,,
Different K decays
have contributions from
different diagrams
Potentially sensitive to new
physics through massive
virtual particles in loops
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Will Parker, CERN LHC seminar, 1DecZ

The Kt Puzzle Continued

B(K°zt) 1,

2B(K*n%) 1,
B(K*m™) 1,

- 0
Acp(K¥ ™) + Acp(KOn™) B(K'n) 7,

= Acp(K*®)

* All Kt CP asymmetries and branching fractions can be
incorporated in more precise equivalence

* Current measurements (HFLAV 2018) predict
Acp(K°m%) = -0.150 + 0.032, value measured by B [
factories: 0.01 £ 0.10 & ol

* Fits to Km observables show some tension ,

* Can be resolved by enhancement of color-suppressed i
trees or NP in penguins »

- B> KSOTEO is a key component of Belle Il physics program

ndirect constraints
Projected 50ab ™!
— CCS
Measurement
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Phys. Rev. D 78, 111501(R)

Buras et al., Eur. Phys. J. C 32 (2003) 45, Phys. Rev. Lett. 92 (2004) 101804, Nucl. Phys. B 697 (2004) 133;
S. Baek et al., Phys. Rev. D 71 (2005) 057502, Phys. Lett. B 653 (2007) 249, Phys. Lett. B 675 (2009) 59;
M. Gronau, Phys. Lett.B 627 (2005) 82; N. B. Beaudry et al., JHEP01(2018) 074; R. Fleischer et al., Phys. Lett. B 785 (2018) 525

o0A Y LJ2 & a-thaockimSded M U “ is also of clear interest to check
consistency of sum rule

Covered by Bactories, but bringing LHCb statistics to bear is tantalizing
(bf ~p& p 1)
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LHCb Events&© 0 “ 7 (&S
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0 vertex

Aro2ttAaR2y
“ ECAL

e@
n reollision

oHave only a single track and a blob in the calorimeter, no conventional verte
possible!

Is there a way to identify the signal without knowing the trajectory of tHe 2
daughter particle?
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Some Time Travel

of 1 / 6Q&a LINROf SYa
unique, but inreality they are not

oA similar difficulty existat the B
factories:Want to do time
dependentd inv “ ho “ T,
etc

B-tagging can yield clean signal
peaks, but no secondartx = no
decay time info!

oTheir solutioncompute a vertex
between theu trajectory and the
beam axis

Underlying apprOX|mat|on IS that
3aBOL 30
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aer hep -ex/0403001 (hep-ex)

[Submitted on 27 Feb 2004]

Measurements of CP-violating
Asymmetries in B' — K27 Decays

The BABAR Collaboration, B. Aubert, et al
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Mother-trajectory approacr%
ST A AR+ P
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oConstruct intersection ofBiomentum vector (origin at PV) and Kaon flight trajectory!

Usual LHCb analysis place selectiomhenconsistency of the reconstructed
momentum and displacement vectorshere werequirethe same consistency but
with different information

oBDT combines isolation and kinematics to do remainder of background suppression
this really is the secretsauce@ A 1 K2dzi a¢ 5h/! gS 0O2dz Ry

Will Parker, CERN LHC seminar, 1DecZ



Result: A Clear Slgnall

oWith combination of the She
new technique and ~+ Duta E
efficient selection of el
eventswithout additional ~ <2s00:: % 4 C2500p% \ .. Putial Reco.
nearby track® a A a2 f | Peaking Partial Reco.
-'--B=—>15*n
oWord-leading

measurement of the

asymmetry in this , 077500 5000 5500 6000 73500 5000 5500 6000
0 7\ Y LJ2 é é 7\ o) f Y2RSH m(K*1) [MeV/c?] m(Kn) [MeV/c?]
Argw = 0.005 + 0.022 (Magnet Up),
0.019 + 0.021 (Magnet Down)
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asymmetry here =S 7000 e THED =—=oo——>  LHCb 3
compared to alcharged S 6000 Chwlaml o E ey ey, Dot
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Naively should be Saoo ) WEocs 2 ae ) Wl
similar. Something to 5 30005 Bomiz- 4 5 3000 Bonn-
learn here! 2 2000 Wl sBoaybke < °E 2000 Wl Body ke

© 1000 Comb.bkg. < 1000, Comb.bkg.  —
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02, m(K *77) [GeV/c?] m(K “7+) [GeV/e]
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Extensions to other modes

oMother-trajectory approach can be applied in a straightforward way to intermedia
lifetime neutrals as well)( hy )

oNew result: photon polarization & CP asymmetrgin©® ¥ |
arXiv:2111.10194, Submitted to PRL
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Semileptonic B decays

1

5 0 15 20 e

od. SGl RSOl & ésigRafure ideptiin-(sRNeRoy 1Y) , recoilinghadronic
system, andnissing momentum

oTheoretically wellinderstood in the SM
o Tree level virtual W emissianstrong VA structure

0 No QCD interaction between the leptoreutrino system and the recoiling
hadron(s)

009 " 'O° half of the decay still needs ngrerturbative input

oCharged lepton universality implies branching fractions for semileptonic decays to
1t ht differ only phase space and helickyppressed contributions




What we want to measure

» 6 00 t°T
YO K 55 T3

0 Theoretically cleadue to cancellation of form factor
uncertainties

A Poorlymeasured helicity suppressed amplitudes give IR e
dominant uncertainty A, 2 NC T

-
-~
~——
~——

A SM(HFLAY.
Y(O) ™8 v g
6 00 T
At o 'Rg & 2NN EEAT | ()

A Automatic normalization from identical final state

A Must be disentangled frod © O° * ’ [ using
decay kinematics

of O« « « («)
A Potentially higher signal purity

A Must be normalized to hadronic B decays (reliant on
external measurements to get R(D*)

~—
~———
.....
_____
_____
~——
.....

ACommon Challenges: missing neutrinos with (

unconstrained momentum )

A52y Qi KI@S TFdA t . Y2YSyidzy O?QZATTH,

A Large backgrounds from other partially aaArIy &
reconstructed B decays



Distinguishingo® @@ * ')’ fromw® w*
oStarting inf© * ' ,’have three key kinematic variables:

Alternately

n n n-
(@ O>)
| © ° wWh | © ¢ HHh
a T a Tt
O spectrumis soft 'O spectrumis hard
i n p® A6 mn p@ A6
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Cartoon from M. Rotondo, CKM2016

w v

oBy fully reconstructing the event, the missing energy (or alternately the
signal B initial momentum) can be constrained and the missing mass
directly computed

oBut at LHCb we lack the information needed to close the kinematics!
Unknown hard interaction energy, many underlying event partieaess

We know thedirectionof r; , but notthe magnitudeX need a constraint!




Rest frame approximation

o 1 £ 0.08, - - =
= = + LHCh 8 =
g | MC Truth ER aron E
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= r = = I
e L £ £ 04r
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AKey observation: Distributions are broad to begin vgth weltbehaved approximation will still preserve
differences between signal, normalization and backgrounds

Take(CT ) (71 ) -

. a .
M) m(ﬂ)z

AThe problem of large nontrivial resolutions is by no means unique to us, and it should not be dauntir
See, e.g., heutron spectrometry

If resolution/approximations in reconstruction areliably simulatedthen you can get away with a lot



Fit
Aadiry3a NBald FNIYS FLILINREAYFGAZ2Y S (

each process contributing 10

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

Templates are functions of any relevant model parameters via interpolation betwee
histograms generated with different fixed values of those parameters

Arhese templates are then used as PDFs for a maximum likelihood fit to d:
~Inclusivespectralunfolding in multiple dimensions

A> distributions shown previously directly translate to esimensional
projections of the 3D templates for signal and normalization

270000

Candidates / ( 3.25 GeVZ/c* )

LHCBPAPER015025 supplementary



Reducing partially reconstructed backgrounds

v

o Underlying
*‘ Fyvant

L-VCCITIC

oMake use of superb tracking system
Scan over every reconstructed track and compare agé@nst vertex

Check for vertex quality with PV and SV, change in displacementrpf, 8lignment of
track andO” ‘' momenta

Our equivalent tool to requiring no more reconstructed physics objects after signal and
are selected

09 OK 0N} Ol NBOSA®E&E. b &AAKRENKDA | 285t ok { +
Cut on most SVike track below threshold: get S|g?nal sample enriched in exclusiv
decays. Rejects 70% of events with 1 additional slow pion

Cut on most SVike track(s) bglng aboye threshold: %gt control samples enrichec
interesting backgroundst © 'O oo ““ (O YRR APIA
(very analogous to hig  control regions ine.g.0 © T )



Other Major ToolControl Samples

& © O ‘ ’[(normalization)

Corrections applied to doubleharm
dalitz plots, form factors of semileptonic
backgrounds (excited charmjeasured

6 OOt 'l Control sample fits to constrain shapes
O “ (3 states each, 6 PDFs)

)

T T T
LHCbY %, 12000f LHCbS
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g 8 8
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00000
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misidentification
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Other Major ToolControl Samples

6 00 * 'Toy 2 N g
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LHCD result

/3D fittoa  hHO'M

Result:Y(O') ™ 0 QT8¢ X T8 0 T
(2.1 sigma from CLN prediction)

First measurement of @© & 1 decay at a
hadron collider

ADominant systematics from MC statistical
uncertainty and background from hadrons
misidentified as muons
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LHCDb simulation ;
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Reconstruction of Fit Variables

AAgain, we make use of alignment of flight direction and total momentum, except
now we have a tau vertex to play with!

Know:ry M :, 6 flight vector from PV “flight vector fromO*
Using knowrd and T mass to solve results m ¢-fold quadratic ambiguities

(M, + M%) |[Pper| 08050 pry £ Epur \/(m?go —m3., )2 — Am%,|Ppe|? sin® Opo

Pro| = =
| 2(E%. — |ppr|? cos? Opo psr)

(mg'n' + m?—)|ﬁ3ﬂ'| COs 97',37'{' + E37T \/(mg - m%ﬂ_)Z - 4m%’ﬁ37r‘2 Sill2 97.’377
2(E5; — |Pax|? cos? Or,37)

|ﬁT| -

/Choose-h—saich that the ambiguity vanishes
Provides p 11 IPesolution onn

fond reconstruction hypothesis: assume neutinosat B vertex, unknown mass
neutral system at 3pi vertexobtain estimate for mass m(3pi+N) which peaks for C
bkgnd

Ausing strengths of detector to overcome difficulties of environment/final state!



Controlling Ds backgrounds

ALargest background is froén© _
@

ofe) O 9 o _ £ . 1F LHCD simulation R +H E
Train BDT to distinguish the 2 F by |
two decays using (mainly) * S 0.08 #Siend AR
dyn am iCS Q [ % Background *¢* *{ 4
) 0.06 * e 4 .
BDT used both as selection : R * ++ 1
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Fit

A3D fit infj , T decay time (not shown), BDT

AExclusivéd © ‘0" ¢" provides
normalization for measurement
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Next Steps for
LHCD

HEAVY-LAVORN RUN3 AND BEYOND
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LFU Ratio prospects

AGeneral prospects for i Increasing
precision of core observable¥ (» )
are relatively wellestablished

Ultimate sensitivity depends on
what systematics become limiting

Large datasets> large control
samples> most systematics can be
reduced

[—y
o

| I
The uncertainties of ground and excited

tates will be highly correlated

LHCb
unofficial

C

Relative R(X ) uncertainty

phase I upgrade

ARight: projections if limiting
systematics become combinatorial 2025 030 2035
background shapes, PID efficiencies, Time/year
data/MC corrections

=)

%

B - D w b

AAbsolutely crucial that computing keep
up with data (need simulation ~4x data
to keep up)

Raw power/architecture
Improvements?

ImprovedFastMQ@ (systematics?)
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A0 6 semileptonicsre challenging due to very B~ C: ’
large combinatoric backgrounds 15
Low daughter multiplicity, 8 . @

no tertiary vertex
One handle: rareéy systemsijh) instead of*) Belle - PRD 89, 011101 (2014)

Example: Existing LHCb resultaan sin¥ ©
n ‘ is already systematics limited with just Runl

+3.1 —6
External inputs dominate form factors,y © (3.1753; +£0.7) x 10
l}] l') 11

B(B~ — ppp 7,) =

”i - (a) B'—)pﬁe'@e
2 +++: Data
Arargets for LFUi O nnf 2 © = b resul
Expect O(1000) normalization in first search for % o Background
this mode at LHCb, by Run5 could have similar E:

stats to 2015 LHCb R(D*) measurement
Many challenging partially reconstructé#gds

-
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Missing mass squared, GeV"/¢c




Farewell to a Superb Detect

oLHCb remains diverse and vibrant
experimental collaboration during long
shutdown:

~1400(!"") members across 85 institutions i
18 countries working on Runl&?2 data,

|o grade construction, upgrade software,
planning for further future, etc.

oLHCDb as we knew it has been disassemble
make room for the Phaskupgrade detector

Fast readout for reaiime software decision
making

More granular subdetectors to,cope with
Wodza A SN S@Syda

oPhotos:LHCbEXxperimemin Instagram



LHCDb Upgrade Iin a Nutshe%

oCannot increase luminosity any further in Run2
trigger scheme

Fixedbandwithhardware decisions limit output
rate and only access limited event info

Increasingly strict requirements select *against*
heavyflavour events
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oLHCb Upgrade Concept:

Completely rebuilt detector readout to be
synchronous with LHC beam crossings 12

Realtime analysis style event selection
Fast event reconstruction with GPU technology

Can identify candidate B hadrons and interesting
tracks *before* making the decision!

You are here

| | Original design
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oResult: Ordeof-magnitude increase in dataset Luminosity [x10 Zem s

oRequire significant increase in segmentation to
deal withx v N rrollisions per even

All new chargesparticle trackers

Reoptimized and rebuilt particle identification
subdetectors
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Summary

oLHCb groups have been hard at work finding ways to move beyond the
applications envisioned in the physics case and design work

Many of the techniques have spiritual (if not direct) analogs in the B \
factoriescg S R2y QU ¢2NJ AY | @I Odzdzy | yF

oNot every possibility for BeH# has been done already, nor possibly even
Imagined yet!
Keep your eyes open and look for connections between your problems anc
others, you never know where a breakthrough will come from!
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Aside:Semileptonicsvith light leptons

B vertex well-
reconstructed
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oWith a single missing neutrino, there exists a very nice t

4 thaﬁs

-p1 Signal peaks at B mass, shape \debcribed by MC, not

very sensitive to form factors

oThis tool is surprisingly general however: )
9ElFQufe SldAgdltSyu 02 aiuN
energy frontier searches involving missing energy

Also appears in some partisgconstruction techniques witt
single missing neutral particles

Used in LHCDb inclusive triggering to find B decays with
daughters below HLT tracking threshold and/or neutrals

Good to keep in your toolbox!




