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Flavour physics
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Flavour physics

@ Try to answer questions such as:
e How often does a beauty quark transition into an up quark?
e Does a charm meson behave similarly to its anti-particle?
e How many flavours are there?
o Are the charged leptons just heavier copies of each other?

o What are the mass eigenstates of the neutrinos?

@ ...but also hadron spectroscopy

e Mesons, baryons, tetraquarks, pentaquarks
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The history of flavour physics

1964: Discovery of CPV

1932: Discovery of the neutron and ) B
subsequent proposal of isospin symmetry 1954: Tau-theta problem emerges e

6F — nta? p:(_1)x(—1);i
¢e G

@ @) 1936: Discovery of the muon T

1930 l l 1970: GIM mechanism
I i roposed to explain KL—>pp

" Milestones in flavour physics

T atrfn® P=(-1)x(-1)x(-1)=-1

1932: Discovery of the positron 1947: Discovery of the kaon 1957: Parity violation observed in  ~1964: Development of quark _
’ muon decavs. model & Cabibbo matrix. N
B veror "mud“:' + crh"m
Z. K i R®
’ /. ‘l /. = \\.1..\- : .‘]l
ey o
_ | ) ‘ 2
o . ~1973: Kobayashi and
2012: Higgs discovery: ‘ 'm* w1 2000: Precision ‘ . A gewearz‘:;ﬁ: E;e;(';}atir:%epv
Responsible for SM I et 8 | measurements of the Z line | A N AR TR
flavour violation. ' } shape point towards three |- sz /

e s mereanet L L
(- Y

generations of fermions ~ » / \ cm [

2021 4 P Ny [

202X: Observation of [epton 2991: CPV discovered in B meson 2001: Neutrino oscillations confirmed ~1987: B meson oscillations imply much
universality violation?  gecays, confirming KM mechanism. heavier top mass than expected

Discovery of CP violation in 72
. g <>
neutrinos? e T
i T g AT J
iy, -

4—s g *- -+

L Patrick Owen - HCPSS2021
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Flavour physics nowadays

Parameters of the Standard Model

@ Flavour is ugly (unnatural?) # | symbol Description Renormalization | yoiyg
o Gauge sector has 3 couplings of O(1) ! Flectron mass 0.5T1 MeV
2 Muon mass 105.7 MeV
» Higgs sector has 15 parameters parameters 3 Tau mass 1.78 GeV
with values spanning 6 orders of magnitude 4 Up quark mass HIs=2GeV | 1.9 Mev
T 5 Down quark mass v = 2 GeV 4.4 MeV
s 6 St k =2 GeV 87 MeV
. . ) o range quark mass Uvis =2 Ge e
@ Where did the antimatter go? SIE o e e o 52 o
.. ) : e ,
e Quark mizing only source of CP violation = —|/® Bottom quark mass s = Mo 4.24 Gev
U" 9 Top quark mass On shell scheme | 173.5 GeV
o Connection with baryogenesis? 10 CKM 12-mixing angle 13.1°
1 CKM 23-mixing angle 2.4°
@ Reach high energy indirectly 12 CKM 13-mixing angle 0z
L. . . 13 CKM CP violation Phase 0.995
 Precision frontier vs energy frontier 7 N R ———r— pr—— e
o Physics at high energy might have different 15| 92079 | SU(2) gauge couping KIS = Mz 0652
16 | gzorgs | SU(3) gauge coupling UNiS = mz 1.221
flavour structure 17 | aco | GOD vasuum ange -
18 | v Higgs vacuum expectation value 246 GeV
19 | my Higgs mass 125.09 +0.24 GeV
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Flavour physics nowadays

@ Beauty hadrons
* b-quark heaviest that hadronises

e Far from QCD scale
— perturbative calculations

* Heavy enough to decay in a lot of
different final states

 Decays by changing flavour
— involves virtual heavy W

@ How do we study B physics?
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The B factories

Ng—: GL = Z'O/S
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The B factories
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The B factories
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b production at the LHC
<(pp —> bb X) = 500 b @OTY
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b production at the LHC
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bb forward production

o PARTONVS  Catry A FRACTION OF  ENERRY
— t

. pp o X _@D@

. fp b ——

py~20  Z(B)~5ps
C =0% —

AZ = CZ}?Xz 7 mh
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LHCDb forward geometry

LHCb MC
{s=14TeV

. pixel . silicon strip . ECAL Cherenkov

. drift tube . HCAL . muon

@ LHCb covers 2 < 5 < 5 (forward only)
e 3% of 41 solid angle « price

e 25% of bb production « physics
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LHCb forward geometry
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[LHCDb subdetectors

Zoom on pp collision point

y A
i . Muon System
, — g;agklng Calorimeters . Y
5m | Magnet auons = _
__ —
Vertex B
Loca r"=_‘_ K T
CH1/ g B
ﬁag;ker AN i RICH2 |
Turicensis | 77 T | | ||
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Vertexing

@ Displaced vertex is signature of
weak decay of heavy-flavour

e Key to separate B decay products
from rest of the event

@ Displacement (and momentum) is
a measurement of decay time

» Key to measure fast meson
oscillations

® Precise vertexing obtained by
placing tracker modules as close as
possible to pp collision point

 Dangerous high-multiplicity region
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The LHCDb Vertex Locator (VELO)
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Vertexing: impact parameter

| P

1) malliply. scrblining
z) At nondubiom

3) bv-d( L)((hw,«l"uv"\
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Vertexing
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Vertexing: oscillations
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Spectrometer

@ Invariant mass is key in B physics

o Separate B° and B, — 1.6%
difference in mass = 90 MeV

@ Cover relevant range of momenta
for B decays

o Well below p = 100 GeV

e Keep tracks in acceptance down to
p =3 GeV
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Candidates / ( 27.5 MeV/c?)

Candidates / ( 2.5 MeV/c?)
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Spectrometer

Warm dipole magnet
integrated field =4 Tm
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Spectrometer

op/p ~ 0.5% forp <20 GeV
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PID of charged hadrons

® Special requirement of flavour
physics:
Distinguish K* from 7™~
o m(K*) ~ 500 MeV,
m(n™) ~ 140 MeV

e Same signature in tracking and
calorimeter

@ Different f for same p
o Time of flight hard to separate

o Measure f# with Cherenkov radiation!

® LHCDb uses two RICH detectors

o RICH = Ring Imaging Cherenkov

o Faint light — photon detector out of
acceptance
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PID of charged h\adrons
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PID of charged hadrons

RICH 1+2 performance
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Calorimeters + muon chambers
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Electron ID
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Hit efficiencies

@ Calculated using J/yw — putu~
tracks with p > 10 GeV (to
avoid multiple scattering)

@ Hit etficiency in silicon trackers
(IT/TT) is above 99.7%

@ In the Straw tubes (Outer
tracker) it is 99.2%

@ Efficiency in muon station >99%
e thanks to redundancy
* Despite dead time of 50-100 ns
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Long-track reconstruction

Upstream track
4

/

T -~

1. Reconstruct VELO track (straight)

2. Add T stations with Forward
tracking or Track matching

3. Add TT hits to improve

momentum resolution T1 T2 T3
4. Fit taking into account multiple Tracking efficiencies
scattering and energy losses 2104 THCD | .01l 3
2 1028 =2012 E
5. Remove fake tracks (best using = gé? E
. pe 0.98F#*: =
NN classifier) BINVASER=ES . E
0.94F =
0.92F 3
0.9F E
0.88F 3
086E . T
0 50 100 150 200
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Trigger

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz

readout, high Et/Pr sighatures

450 kHz 400 kHz 150 kHz

. Software High Level Trigger

Partial event reconstruction, select H LT/I :
displaced tracks/vertices and dimuons

I

Buffer events to disk, perform online
detector calibration and alignment

t

Full offline-like event selection, mixture HLT‘Z_
of inclusive and exclusive triggers

I 0 7

12.5 kHz (0.6 GB/s) to storage

Martino Borsato - Heidelberg U.

%

29



Trigger

Table 4: Typical L0 thresholds used in Run I [85].

pr or Er SPD
2011 2012 2011 and 2012
single muon 1.48 GeV/c 1.76 GeV/c 600
dimuon pt; X pro  (1.30GeV/c)?  (1.60GeV /c)? 900
hadron 3.50 GeV 3.70 GeV 600
electron 2.50 GeV 3.00 GeV 600
photon 2.50 GeV 3.00 GeV 600
X [ T T T T ] X 1.2_ T T T ]
) — — ) - J
% 1E LHCb e 3:—‘——.—: % 1:_ LHCb » __:
5 sk = B o
= F—e— _._+ ] Hw 0.8 ~ =i=:'::—o— -
0.6:— ++ ] 06F T 4D 3
= o E r . B’ - K'v ]
0.4: ::_— Eg;’liMuon : 0_4:— _A_=o= b0k ]
02 _ —4— LOMuon OR LODiMuon ] orbs —'—::: 4D o Kot ]
[ 1.5 L o —o— D* — Dl ] 3
O-' 1 s by s Ix10 0|'=.=.T'._| NN B e, 1x10
0 5 10 15 20 0 5 10 15 20
P, [MeV/c] P, [MeV/c]
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Bremsstrahlung
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Neutral hadrons

o ¥ has lifetime 8.5 x 107 ps
o If p =10 GeV then it flies 2 ym
e Decays ~100% in 7’ = yy

Efficiency (%)

o Hard to distinguish from y if too energetic

® K; has lifetime 5 x 10* ps
o If p = 10 GeV then it flies 300 m R S T S
e Decays out of LHCb P(n°) (GeV/c)

@ K has lifetime 90 ps 200
o If p = 10 GeV then it flies 50 cm
o Can be reconstructed as Ky — 7z~ if it

decays soon enough 100

e Overall an order of magnitude less efficient
than K™ reconstruction

Candidates / (8.5 MeV/c?)

5200 5400 56%0 5800 9000
o
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World-leading samples

~4k B* - KT utu~

~140k B > K*n~
BR of about 2 X 107>

BR of about 1.2 X 1077 L4000~ | rpep | -

2 > - .
2 . LHCb . B 12000 ﬂ ! Datal9fb' —
% C —— Data 9 fb - - -
E E —— Total fit 8 10000_— BO SKYr- —
~ SHR A R B*— K'utu- = - n
> : Combinatorial — 8000 . B K “x+ —
O - S~ | —
- L wn I 0 + — |
S f £ 60001 B=k ks
S 200F 5= SN Bor'n- ]
g : 'S 4000 > 3-Body bkg.
100 F ; S - .

b Y © 2000 Comb.bkg.

0 EEL. (TR T P N T T —
5200 lssoo 5400 5500 5600 0 ; -
m(K*u*u~) [MeV/c? 5 52 54 56 58 6 6.
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