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Flavour physics has a track record...

GIM mechanism in KO>pp CP violation, K 9>nn BO& >BO mixing

Weak Interactions with Lepton-Hadron Symmetry*
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Precise flavour measurements

» Historical record of indirect discoveries:

v B decay Fermi 1932 Reactor v-CC  Cowan, Reines 1956
W B decay Fermi 1932 W->ev UA1, UA2 1983
C KO>uu GIM 1970 J/y Richter, Ting 1974
b CPV K9>nn  CKM, 3rdgen 1964/72 |Y Ledermann 1977
4 v-NC Gargamelle 1973 Z> ete UA1 1983
t B mixing ARGUS 1987 t=> Wb DO, CDF 1995
H ete EW fit, LEP 2000 H-> 4u/yy  CMS, ATLAS 2012
? What's next ? ? ?
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Precise flavour measurements

» Direct discoveries rightfully higher valued:

v B decay Fermi 1932 /«f’ Reactor v-CC  Cowan, Reines 1956
W} B decay Fermi 1932 W-ev UA1, UA2 1983 (A,
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t B mixing ARGUS 1987 t> Wb DO, CDF 1995
H ete EW fit, LEP 2000 H-> 4u/yy  CMS, ATLAS 2012 (.
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Precise flavour measurements

The Standard Model of particle physics _ I Indirect
Years from indirect to direct observation of new particles 1 Direct
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Precise flavour measurements

» Depending on your model, sensitive to multi-TeV scales, eg:

b

S

_|_

L

A 47 V2
—p . - ~14+
HBs—putp 92|V;;Z‘/ts|2 A2

IUB—VJM is ratio BRexP/BRSM
T

r50 TeV, anarchic tree

\0.6 TeV, MFYV loop

From Uli Haisch, 31 Aug 2016
arXiv:1510.03341




Precise flavour measurements

» Depending on your model, sensitive to multi-TeV scales, eg:

0.5 —r

LHCDb 50 fb-! & Belle Il 50 ab-

p-valu%
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=== 95% CL no theory
uncertainties
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[Charles et al., 1309.2293]

M1q2 = (M{IQ)SM (1 +hqe2zcrq)

2103 TeV, anarchic tree

1.4TeV, MFV loop

hq parametrizes magnitude
of NP in B, mixing
T

From Uli Haisch, 31 Aug 2016




Recent highlights

Exotic spectroscopy

AAcp

10



Parameter alue ~ C T T T T T T T T T T T T T T T T L
v < 18000 E
O r ]
0.080 .04 % 16000 :_2015+2016 ” LHCb 3
1.006 = 0.016 £ 0.006 > L00oE E
1 g s — Total ;
Iy —T4[ps™t ] —0.0041 + 0.0024 + 0.0015 12000 E =
—_ ~ r 3 ]
AT, [ps~! ] 0.0772 % 0.0077 & 0.0026 2 10000 — - Signal ]
Amg [ps!] 17.705 £ 0.059 £ 0.018 S 8000 F =
a O . ---- Background 3
= 6000 F =
. - - ]
L] = I n
« Largest systematic: 5 4000 |- e
(] - ]
. . 2000 =
- Decay time bias = : ]
0 =~ N e ————————
— Decay time efficiency 5200 5300 5400 5500
m(J/ YK K~) [MeV/c?]
Source [4o>  |AL? @5 [rad] |A] 6L —6g[rad] & —dp[rad] Ty—Ty[ps] AL, [ps™'] Am, [ps!]
Mass width parametrisation 0.0006  0.0005 - - 0.05 0.009 - 0.0002 0.001 —_ 2 — —
Mass factorisation 0.0002 0.0004 0.004  0.0037 0.01 0.004 0.0007 0.0022 0.016 5 [ LHCb (d) i
Multiple candidates 0.0006 0.0001  0.0011  0.0011 0.01 0.002 0.0003 0.0001 0.001 S - E
Fit bias 0.0001 0.0006 0.001 0.02 0.033 - 0.0003 0.001 . gl 5 L ]
Csp factors - 0.0001 0.001 0.0010 0.01 0.005 0.0001 0.002 UQ-U N ]
Quadratic OS tagging - - - - - - - 3
Time res.: statistical - - - - - 1 [ _l
Time res.: prompt - - - - 0.001 - - 0.001 I 1
Time res.: mean offset - | 0.0032 §o0.0010 0.08 0.001 0.0002 0.0003 0.005 [ ]
Time res.: Wrong PV - - - - 0.001 - - 0.001 05 [ n
Ang. acc.: statistical 0.0003 0.0004 0.0011  0.0018 - 0.004 - 0.001 ~E R
Ang. acc.: correction 0.0020 0.0011  0.0022  0.0043 0.01 0.008 0.0002 0.001 i ]
Ang. acc.: low-quality tracks ~ 0.0002 0.0001  0.0005  0.0014 - 0.002 0.0001 - | A
Ang. acc.: t & o, dependence  0.0008 0.0012  0.0012  0.0007 0.03 0.006 0.0010 0.003 1 10
Dec.-time eff.: statistical 0.0002 0.0003 0.0008 t [ps]
Dec.-time eff.: ATy = 0 sim. 0.0001 0.0002 0.0005
Dec.-time eff.: knot pos. - = LHCb-PAPER-2019-013
Dec.-time eff.: p.d.f. weighting 0.0001
Dec.-time eff.: kin. weighting -
Length scale - - - - - - - 0.004
Quadratic sum of syst. 0.0024 0.0019  0.0061  0.0064 0.10 0.037 0.0026 0.018
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Ry =

Ri = 0.846

B(Bt— Ktutu™)

B(Bt— Ktete™)

B(BT— Jip (= p pu™)KT)

B(BT— Jhp(—eTe ) KT)

+0.060 +0.016
—0.054 —0.014

Largest systematic:
— Mass model

Candidates / (24 MeV/c?)

Candidates / (12 MeV/c?)

—_
o
S
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401

20
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—— Data

—— Total fit

““““““““ Total Ry =1

______ BY'— K ete-

[ Part. Reco.

Bl B - J/ y(ete )K"

Combinatorial

m(K*ete™) [MeV/c?]

LHCb

—— Data

—— Total fit

------- B*— J/y(e*e” )K"

B Part. Reco.
B*—=J/y(e*e )t
Combinatorial

5200

75400
my, (K *etem) [MeV/c?]

L.
5600

Candidates / (7 MeV/c?)

Candidates / (4 MeV/c?)

350 }
2011-2016 LHCb
300 —4— Data
—— Total fit
200 Total Ry =1
0 I Y B*—K* M+ s
Combinatorial
150
100
50
0 - N vd: g gy e
5200 5300 5400 5500 5600
m(K*u*u-) [MeV/c?]
220 X107
200 LHCb
= —— Data
180 E —— Total fit
160 [+ . B*—J/ y(u'u )K"
140 Bt*—= J/y(u'u )zt
120 f_ Combinatorial
100
80
60
40
20F
0 E g | | |
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mj/w(K‘”w;r) [MeV/c?]

LHCb-PAPER-2019-009, arXiv:1903.09252
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Exotics (Pentaquark)

R = B(Ay — PFK7)B(ES — Jpbp)/B(Ay — J/bpK™)

Largest systematic
— Background models

—

—

1
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o LA i
400 :
b : P
r P(4312)
i A ] ‘Ae=m
4%00 4250 4300 4350 4400 4450 4500 4550 4600
myup [MeV]

LHCb-PAPER-2019-014

State M [MeV ] [' [MeV ] (95% CL) R
P.(4312)*" | 4311.94+0.7788 | 9.8+ 2.7F 37 (< 27) | (0.30 £ 0.07133H)%
P,(4440)" | 44403 +1.3751 [ 20.6 £4.97,57 (< 49) | (1.11 £0.33792)%
P.(4457)* | 4457.3+0.67%41 | 6.4 +£2.0F 57 (< 20) | (0.53 +0.16131)%

Therefore, verification of the P.(4380)" awaits completion of the amplitude analysis of this new data sample. 13



Exotics (Tetraquark)

mx(3842) —

['x(3842) =

3842.71 £ 0.16 £ 0.12 MeV/¢?
2.79 £ 0.51 4+ 0.35 MeV |

» Largest systematic

V/

e

Candidates/(0.5 M

Candidates/ (0.5 MeV/c?)
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III|III|III|JEII|III|III

E=IX(3842) ---- bkg ' '
e total LHCb
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3.81 3.82 383 3.84 385 386 387
Mpp [GeV/c?]

- D mass
— Resolution
X(3842)
Source Om or
[MeV/c? [MeV]

Signal model 0.02 0.02
Resolution 0.31
Background model 0.13
Momentum scale 0.07 —
D-meson masses 0.10 —
Sum in quadrature 0.12 0.35

LHCb-PAPER-2019-005
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AAcp

10°
_ — 1+ - _+ — A
AAcp = ACP(K K ) — ACP(T‘- T ) Y EI | LHCb
] S 6000 B
AAcp = (—15.4+£2.9) x 10 2 s000f | Data
— : WD’ - kK
i i 4000 7 ]
= Largest systematic uncertainty 3 : 7| Comb. bke]
- Mass model > 3000F 1
o (Even here statistics dominated...) ﬂ_,) - N
= 2000f
S :
Source m-tagged [1074] 3 1000 |
Fit model 0.6 () S
Mistag 2005 2010 2015 2020
- 0
Weighting 0.2 mD 77) MeVicT]
Secondary decays 0 3 PAPER-2019-006 arXiv:1903.08726

BY fraction —
B reco. efficiency —
Peaking background 0.5

Total 0.9
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Lessons learned from LHCDb

Lots of “lessons” learned on wide span of flavour physics

» CP violation
» Leptons

» Charm

» EXotica

> No obvious experimental shortcoming emerging,
which prevents further improvements

16



+ Where do we come from?
» What brought us here?

— Lumi levelling

— Trigger
— Magnet flips
— Data driven

e Tracking
e PID

e Control channels

» Lessons learned from LHCb
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Where do we come from

» Some history

18



Where do we come from

4 Dedicy *or INTR,
» LHC-B Letter-of-Intent 1995 o ppe ¥ L N
1Sjg id,
Me&s r Beq
u u
Nts f ry;
Cp. Meny
%atjq,,
= 1
C My, = 174 Gev/c?
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Figure 2.1: Limits on the CKM parameters (1c) p
and 7 for m; = 174 GeV. The annular region cen-

(top not yet discovered...)
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Where do we come from

» Letter-of-Intent 1995

1 ® TE
E
& Eme =174 Cev/e? 09 E
- 07 E 000
06 [ 06 £
- 05 E a
04 [ 3
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Figure 2.1: Limits on the CKM parameters (1c) p Fi 9 9: The Unitaritv Trianel
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Where do we come from e —

B.R.

Ba—=nt7~ 0.5x105 2.0-10-° 110k

Letter-of-Intent 1995: Ba—J/¢KS (up) | 2.1-107° 340k
Ba — J/YK? (ee) 2.1-10-5 183k

Ba—J/YK* (up) | 6.3-107% | 1,270k

: : . By — J/YK* (ee) 6.3-10-5 679k

» Annual event yield estimates: By — DUK* (KeKr) | 8.0.10-7 2%

- N(B°%.=> J/wp) = 246k B, — Dy nt 1.4-10-* 171k
- N(BY.»> utu) =30 : 3.5-10"4
- N(B%> K*u+u-) = 17k

— Assuming L=1.5 x 1032 cm=s!

vSame?

Be—ptpu~
. By — ptp~K*
» Achieved: B, — DK+ (Kn)
n . . "o
— 3x larger instantaneous luminosity B, — DK™ (Kn7r7)
— 2X lower event yields Table 1.1: The calculated number of “Events on

Tape” in single-interaction bunch crossings, using
the Level-1 and Level-2 trigger efficiencies from
Chapt. 10 £ = 1.5-10%? cm~? 57!, and assuming no
losses in Level-3. Note that reconstruction and tag-
ging efficiencies are not included in this table. For
By — 7+ 7~ the branching fraction, 2 x 10~3, is used,
as it has become the “standard” for comparing differ-
ent experiments. Recent measurements[11] indicate
that the actual value may be smaller. The predicted
branching fraction for B; — utu~ is from Ref. [12].

21



Where do we come from

Table 1.1: Expected numbers of events recon-
structed offline in one year (107s of data taking)

« Technical Proposal 1998 with an average luminosity of 2 x 10?2 ecm=2 s71,
; for some channels.
— Event yields closer... Decay Visible Offine
— Assuming L=2 X 1032 cm—2s-1 Modes Br. fraction | Reconstr.
BY — 7t7~ + tag 0.7 x 10~ 6.9 k
. BY —» Ktn~ 1.5x107? 33 k
) BY — pt7~ + tag 1.8 x 107 551
o B} — J/YKs + tag | 3.6 x 107° 56 k
= | B} — DUK*° 3.3x 1077 337
N B — K*0y 3.2x107° 26 k
20 107 3 B » D_xt + tag | 1.2x 10~ 35 k
T E B 5> D;K* +tag | 81x10°°
0 Iy < -5
: Range of B? — J/1¢ + tag 5.4 % 10 44k )
LHCb
) Luminosities
1032 =
] » Reoptimized LHCb (TDR 2003)
| — Assuming average L= 2 x 1032 cm2s!
i teraction point. The luminosity L is assumed to
31 % decrease exponentially with a 10-hour lifetime in
10 B ng(m) the course of 7-hour fills, with an average value of

2 x 10%% em™ 257! (implying a maximum value of
~ 2.8 x 1032 cm™2s~ ! at start of fill). In practice,

22



What brought us here? Lumi levelling

» Trade-of between
- High L:  statistics
- Low L: clean events
e + higher data rate! Network is limited by (rate x multiplicity)

23



What brought us here? Lumi levelling

sion Offset
X P U

Luminosity Leveling by Colli
r TradE'Of between @ minosity leveling applied several times during 2010
- H |g h L: statistics + First time on July 17 and July 18
In the steps between trigger configurations -

— I_OW L: CI ean events - Followed bunch behaviour with VELO/BLS and no sign of problem
Richard Jacobsson, Dec 2010

» Operate continuously at constant optimal L !

24



What brought us here? Lumi levelling

+ Trade-of between

— ngh L: StatiStiCS + First time on July 17 and July 18
- In the steps between trigger configurations
— LOW |_ . CI ean eve ntS + Followed bunch behaviour with VELO/BLS and no sign of problem

Richard Jacobsson, Dec 2010

» Operate continuously at constant optimal L !

— Displace beams at start of fill, then move closer when protons disappear
— In 2018 also employed by ATLAS/CMS

N
o
o

nst Lumi (Hz/ub)
Inst Lumi (Hz/uk)

median u
-
~
(9]

Constant pileup during year

C——

FARM deadtime (

o

1.25

A

1.00

!

600.9000

0.75

0.50

0.25

. R0 It
O 2 oA PO DA DD O PO DS D O
S EEFTEELETEE S &S FI K

F T e S R S R R ET
fill :00: 18:00:00 22:00:00 02:00:00 06:00:00
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What brought us here? Low sys or low stats?

Physics Case for an LHCb Upgrade II, CERN-LHCC-2018-027

Main physics results dominated by statistical uncertainty (run-1) :

Observable Current LHCb o(stat)/c(sys) Largest source of systematic
EW Penguins

Rk 0.745 £ 0.090 + 0.036 [274] 2.5 Mass shape & trigger ff

RK*O 0.69 £0.11 £ 0.05 [275] 2.2 MC correction & residual bkgd
% D ;_K_ ( _l_ % ; o [136] 3 Am,, time res, tagging, det asymmetry
7, all modes (*29)° [167] ]
sin 25’ with BO N J/¢Kg 0.04 [609] 8 Decay time: bias and efficiency
¢s, with BY — J/v¢ 49 mrad [44] 8 Angular efficiency
¢, with Bg — D;,'_ Dy 170 mrad [49] 8 Decay time resolution

§§S, with Bg — ¢¢ 154 mrad [94] 5 Acceptance (angular and time)
agl 33 X 10_4 [211] 1.3 Track reco asymmetry
Vol /| V| 6% [201] 0.5 External BR(A,)
BY, B’ —ptp~
B(B° — N+M_)/B(Bg — upT) 90% [264] f/1,
;BQ —ptus 22% [264] Decay time acceptance

[p
b — ¢~ LUV studies 1 MC sample size
R(D") 0.026 [215,217]
R(J/’(/}) 0.24 [220] 1 F(B,~>J/y) form factor
Charm
AAcp(KK — ) 8.5 x 104 [613] >7 Mass model
Ar (,Qj T sin ¢) 28 x 1074 [240] 2.8 Contribution from sec b>D*X decays
T sin ¢ from DO — K+trn— 13 x 10—4 [228] 2 Contribution from sec b>D*X decays

26



Event sample size, aka statistics

» Sample size ~ trigger eff x luminosity

» Increasing luminosity implies tighter trigger selection...

— Marginal gain...

— Trigger yield is flat:

N W

O « » 1

—

—_——
No gain in yield

Trgger yield (Arb.&mt)

o W

_llllllllllllll]llllllllllllll

el v e by v by e Ly by
1 2 . 4 5
Luminosity (x10%)

Letter of Intent for the LHCb Upgrade, CERN-LHCC-2011-001

> Solution: improve the trigger

27



What brought us here? Trigger

data 2011, outer °
« Low level trigger: Knowledge of efficiency |5 T - G
B BK + pa
i z
B a
N(TIS and TOS) 0.6 2
€hadron = :
N(TIS) :
0.41—
0.2
i 1
O —
H H . 4H 0 2000 4000 6000 8000 10000
» High level trigger:  Stability P M)
'—350 rryrrreyrrrryrrreryrrrryprrrryrrrrprrerryrrrrperrrryrrrryrrrrprrerryrrrrprrreryrrr e rr ey r T T r T T T T T T T T T T T T T AL I I I L
T S L e e L L L R L R R R R ==
[ - | : : : : : . . . . . . . . . B down
S 300 |-fwp .= i82.8.p0 a6.0:0). || Sample size per trigger SEtting | i T
8 [ |fan= omsent a0 | ]
E 250 bt el i L B e . B ..~ -
= - ]
° R ]
8200 et -
E = -
5 N ]
9 N ]
£ 150 f ek T -
: o -
100_"-""'"""'"-'"'"'-""""""'-'"""""" R R B st = R e e
N 0 ]
50__ """""""""""""""""""" Sttt : """""" Tt sttt -t EEREREEE R O IR D O EEER R ORI 1
- : : : D23 25 28. : : . .
0_|Q||||Q|||FZ_||||_U|||1|||m||m|||||m|||||1||| Ty P KN K e N O
2 ) 2 3 Q E) L S © L 1 4 1 Q Q 1 o) 1 o) ) 3 A A 5
tck
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What brought us here? Magnet flips

» Many precision measurements rely on asymmetries
— Charge asymmetries
— Angular asymmetries
— Differences of asymmetries

+ DO could do A, CDF not

29



What brought us here? Magnet flips

» Many precision measurements rely on asymmetries
— Charge asymmetries
— Angular asymmetries
— Differences of asymmetries

+ DO could do A, CDF not

» Detector asymmetries cancel by flipping the magnet polarity
— Carefully matched the two data sets

2018
— Total

1.5} Up
— Down

MD2

MD3 + TS2

1.0}

VDM90m beta*

Recorded
Lumi (pb1)
UpP 1110

DOWN 1070 0.0

1 T T v
Total 2180 we N » o X ot Wl o

Pb

Recorded integrated luminosity [/fb]

Scrubbing
b* low E
_MD4 + TS3
EYETS
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What brought us here? Data driven

LO calorimeter efficiency
- Using D°>K-n*, B9> J/y(ee)K*

data 2011, outer

0.4

0.2

LHCb-PUB-2011-026

i I I I
0 2000 4000 6000 8000 10000
pT (MeV)

» Tracking efficiency

- Tag-and-probe with J/y2>u*u-

» Particle identification
— Dedicated control samples

Magnet up Magnet down

Data | Positive Negative Positive Negative
2010 | 94.1+1.3 | 96.04+ 1.3 | 99.370% | 98.47 5
2011 | 97.0£03 | 97.3£0.3 | 97.24+£0.3 | 97.4 £ 0.3
2012 1 96.24+0.2 | 96.2+0.2 | 96.24+0.2 | 96.3 £ 0.2

LHCb, JINST 10 (2015) no.02, P02007, arXiv:1408.1251
Species Low momentum High momentum
et Bt — Jhp Kt with Jip — eTe”
put Bt — Jhp K+ with Jap — ptp~ Jhp — ptp
mE K{— nta™ D*t — D7t with D°— K~ 7"
K* DF = ¢t with ¢— K+ K~ D* = Dr* with D°— K-+
P, P A — pr— A= pr= s AT — pK ot

» Control channels for analyses:
- B9-> J/wK* for BO.> J/we
- B9-> J/wK* for B> Ktete-
- B> Dnt for B> D nt
- B9.> D n+* for B> D.K

LHCb, EPJ Tech.Instrum. 6 (2019) 1, arXiv:1803.00824
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d Inst Lumi (Hz/ub)
orded Inst Lumi (Hz/ub)

Lessons from operations

1.00

Luminosity monitoring
— Dependent on single detector:
e failure requires timely understanding

0.50

R RN R RN RN RN RN RN

0.00

G N s T S B R L L G T AT T

> Imp|ement more robust monitoring :00:00 18:00:00  22:00:00 _02:00:00 _06:00:00

Luminosity measurement

— Gas injection system extremely valuable
e ATLAS/CMS relied on LHCDb for LHC satellite protons

> Keep (and improve) gas injection system

+ Monitoring
— Occasionally detector problems or bugs could have been caught faster
» More precise monitoring of all trigger rates .
» Real time alignment e L ‘\ .................................... s
- FILL
— Events are parked at 100 kHz !
) p . ) VELO alignment (~7min)T ‘ Calorimeter Calibration
— Selection to 5 kHz after event calibration | e sigmentciomn

OT global calibration MUON alignment (~3h)

» 1-to-1 correspondence to offline

(every 15 min) RICH 1&2 mirror alignment (~2h)
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Lessons from/for analysis

» B2 J/ywX

— Time acceptance
» B> Kete-

- Bremstrahlung correction
» Time-dependent B, analysis

- Flavour tagging:
e Incl tagging?
e OT time? PID coverage (p+, eta)?

» Open Charm
— magnet polarity
— Crossing angle
» Electro-weak, jets
- HCAL PMT gain
+ Heavy-ion:
— Simultaneous operation of pp and pPb
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Lessons from/for analysis: Decay time acc

r B> J/L)UX 9 If ] 3 L (b)l i

. = : 3 E 3 LHCb E

— Time acceptance R ] 0-95% ]

0.9; —; 0.9;— —;

.. 0.855 —E 0.855— —E

- Long living B mesons g ] " ]
0.8 . S

e Decay off-axis : ] : ]

L. 0.75F — 0.75 —

e Pattern recognition : ] : | | G

less efficient o7 o 2 3 6
p [mm] p [mm]

LHCb, arXiv:1402.2554, Measurements of the B*, B?, B, meson and A%, baryon lifetimes
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Lessons from/for analysis: Decay time acc

» B2 J/([IX 3 It ' . . g I
. > C g u
— Time acceptance R : R
0.9; —; 0.9;
.. 0.855 —E 0.855
- Long living B mesons g ] g
0.8 0.8

e Decay off-axis : ] : ]

L. 0.75F — 0.75 —

e Pattern recognition s ] : ]

less efficient o7 o 2 5 6
p [mm] p [mm]
LHCb, arXiv:1402.2554, Measurements of the B*, B?, B, meson and A%, baryon lifetimes
LOI 1995 TDR 2001 TDR 2013
 sensol R sensor

fe—— 5cm —

<— 5cm

N
N/

Figure 4.1: The proposed shapes of the silicon quad-
rant detectors (5x5 cm? each). The silicon masks are
designed with the guard rings following the ”clipped”
corners. The circulating beams are perpendicular to
the page at the centre of the sketch.

OQDD DQQ rrrrr

» Pixel detector more
robust

VELO fully closed
(stable beams)
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Lessons from/for analysis: Bremstrahlung

» B> Keter
— Bremstrahlung correction

e+
e
..................................
B K+ﬂ .,.M_ ] Magnet ECAL
| K*ete- ] . &
L J El
[ ] ~p
- i . ™ L Y
:_—M ] E, w 2
............... L E, J
2 3 4 5 2 3 4 5
m(K* D7) [GeV/ ¢?] m(K*1*17) [GeV/ ¢?]
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Lessons from/for analysis: Flavour tagging

» Tagging: from fragmentation > /ow momentum

» Outer Tracker time resolution: ~0.6 ns / track
— Time-of-flight difference proton vs pion at z=8m: ~1 ns

@ 9
80 . 5'_ 1
(b) tagging kaons 20 LHCb OT
60 v
= 6 | proton vs = t.o.f. difference (z=8m)
40 SE
4E
20 3F
O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 2;
0 5 10 15 20 AT ST
Momentum (GeV/c) T ey :
LHb, RICH TDR, LHCC-2000--037 23
2 oaF T T 7T T 'l"'|ﬁ§~%
— ‘2 — 1] 38
- Use of timing has the future s preot [Mprowons 1| 3
Us [~ — NS
E - DPions 11 28
= - p <7GeV 11 =3
5 0.06 - 11 =z
< 11 25
1] =8
,,,,,,,,,,,, ."“';...ln_jk_gla_‘_-: gé.
4
Track time (ns) 37




Lessons from/for analysis: Flavour tagging

» Tagging: from fragmentation > /ow momentum
» Improve coverage for low momenta

u T stations
¥ (b) tagging kaons magnet
60

TT T track
40 VELO
upstream track
20 i long track
O i | | | | | | | | | | | | | | | | | | | VELO traCk \ ~~ -
0 5 10 15 20 ~~—_
Momentum (GeV/c) downstream track

LHb, RICH TDR, LHCC-2000--037

» No extra detectors in run-3 yet

> Could use tracks with single hit in T stations

— Also useful for high-multiplicity decays
n D*+9D0n+
= DO>Knnn
= BDD

38



Lessons from/for analysis: Flavour tagging

» Inclusive tagging
— use all (non-signal) tracks from event

— let machine guess which tracks are tagging & how charge is connected to flavour

— estimate probability
e decisionTrain uses oblivious tree

@ e adaptive versions of stochastic gradient descent
e Tagging with attention (by assigning weights in a softmax-like manner)

-
e |ogistic regression and isotonic regression InStead ¢
®)
S5 Pion conclusion
SS Kaon - Simplistic assympe:
Signal Deca Mptions + p,
SS Kaon NNet & Y Probability theory can giye huge boost
SS Proton ,

SS Pion BDT

BO

Same Side

Opposite Side
/" 0S Kaon
e OS K. NNet

0OS Muon

OS Vertex Charge
OS Electron

0S Charm
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Lessons from/for analysis: Charm

Huge statistics
- Asymmetry of kaon interaction rate

At (K—rt) = (—0.89 + 0.15 (stat) = 0.06 (syst))% in 2015,
At (K= rt) = (=1.03 + 0.06 (stat) + 0.06 (syst))% in 2016.

Magnet polarity
— Take equal samples

A*NK ) [%]

A [%]

T

2 —— LHCb simulation LHCb
- —— 2016 data .
1= -
S 3
-1 ; I:,::=6=E$: $ S B
- 1
ot =

0 P

0 20 40 60 80

K~ momentum [GeV/c]

LHCb-PUB-2018-004, Measurement of the instrumental

asymmetry for K*+-pairs at LHCb in Run 2
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Lessons from/for analysis: Charm

) B ‘ ]
- ;E\ 2~ —+— LHCb simulation LHCb
» Huge statistics k20160 .
- Asymmetry of kaon interaction rate [ .
3 0;., .................................................................... ..E
AY(K =7 t) = (—0.89 + 0.15 (stat) = 0.06 (syst))% in 2015, < . , -
A (K7 t) = (=1.03 & 0.06 (stat) == 0.06 (syst))% in 2016. -1 :F':F' : i B
ot =
_3: . . ! ! ! .
— 04
IS
— 04
< 0 20 40 60 80
. K t GeV/
. Crossing angle momentum [GeV/c]
W I . . . . LHCb-PUB-2018-004, Measurqment_ of the instrymenta/
Internal” crossing angle flips with magnet polarity asymmetry for K+-pairs at LHCb in Run 2
e causes an asymmetry when averaging over magnet

polarities

— Ideal scenario: change of external crossing angle
to compensates internal crossing angle

Source Particles O[%]

e identical total angle for both polarities Cross-sections mH Kt p 0,1,3
, IT cables Hadrons, e 0.2
Year @y [prad] fg"! [prad] 05 [urad] OT geometry All 0.2
2011 270 —250 0 Beam spot All, small for muons 0.2
2012 236 0 100 Velo geometry All 0.3
2015 145 —250 0 Beam crossing angle  All 0.5
2016 145 —250 0 Inner tracker defects All 0.1

L. Dufour & J. van Tilburg, LHCb-INT-2018-006, Decomposition of simulated detection asymmetries in LHCb 41



Lessons from/for analysis: Jets, Heavy lons

> 600:I T T T _' T e' T T T T T I T T ':
Jets 3 500 L-ngal:;‘ﬁ_lﬂ v ' Z2ete E
» B decay products: lower energy scale 5 ooF ESignaI ol E
- » o Background . ¥ N
» Jets: higher energy scale 2 of ~
_:53 200_
» Increase calorimeter dynamic range? 100 |
— More noise, worse Bremstrahlung recovery... 08 o m L=
m(ee) [GeV]
- LHCb, JHEP 09 (2016) 136
Heavy Ions
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Lessons from/for analysis: Jets, Heavy lons

Jets
sz loit
» Rich programme: pp Pb-p Pb-Pb
— Pb-Pb collider s=2E s=2ENr s=2Er
— P-Pb collider 1.38 e
- p fixed target 2.51 5.02
— Pb fixed target 3.5 7 o LHCb of
e He, Ne, Ar targets 4 8 20121 5,02 28
> Simultaneous operation 6.37 5.02 3
(non-)colliding bunches 6.5 13 25| g.16 2016
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Lesson learned...: Errata

» 15 errata

- 4 errata: VELO simulation mistake

— 2 errata: bugs
- 9 errata: minor

» Only small fraction of all papers! But need to stay vigilant

Tive ____________________________|Erawm [ Mistake ________|Effect |

Measurement of CKM angle gamma in B>DK
Measurement of CP observables in B->DK*
Measurement of the J/w pair production at 13 TeV
Measurement of the b-quark production at 13 TeV
Measurement of charm mixing and CP violation
Measurement of S-wave fraction and B> K*up
Constraints on UT angle gamma from B->DKn

First observation of the rare B->DKn decay
Measurements of prompt charm production at 13 TeV
Measurement of forward J/y production at 13 TeV
Measurement of the ratio of BR RD*

Differential BR and angular analysis of A,>App
First observation and amplitude analysis of B>DKn
Observation of CP violation in B>DK decays

Measurements of BR of B->Dnnn and Ay2>A nnn

JHEP 1810 (2018) 107
JHEP 1805 (2018) 067
JHEP 1710 (2017) 068
PRL 119 (2017) 169901
PRD96 (2017) 099907
JHEP 1704 (2017) 142
PRD94 (2016) 079902
PRD93 (2016) 119902
JHEP 1705 (2017) 074
JHEP 1705 (2017) 063
PRL 115 (2015) 159901
JHEP 1809 (2018) 145
PRD93 (2016) 119901
PLB713 (2012) 351
PRD85 (2012) 039904

Figure: label

Wrong systematics

Track eff: double metal layer
Track eff: double metal layer
Swapped systematics

Eff: fast sim, and m,,, range
Figure: contours

Value 104 instead of 10-°
Track eff: double metal layer
Track eff: double metal layer
Incorrect asterisk

Sign mistake for A bar

Value 104 instead of 10-°
Publisher: twice same fig

Typo on “%" and charges

Minor
No consequence
Severe
Severe
Minor
~10%
Minor
Typo
Severe
Severe
Typo
Severe
Typo
Typo
Typo

For details on tracking efficiency: V.Gligorov, arXiv:1806.10912

44



Lessons learned from LHCDb

» Progress of last two decades!

Amy

Amy [ps]
0.52

0.51

T B

v il el
0.5 %

0.49 I%

0.48
0.47

0.46
2000

2005

2010

2015

2020

sin2[3

sin2B

0.95 | .

0.9 =
0.85
0.8
0.75
0.7

0.65

0.6
2000

i
H——

2005

H4

HEH
H -

2010

T T
T -
2015

Ho4

2020

45



Lessons learned from

» Progress of last twe decade!

Am

S TBS
Amg [ps] T(BY%) [ps]
17.9 — 1.54
17.85 1-15§ T e &+ o
17.8 = 1.48 §
T T "
17.75 L A ¢ [ b AP PN 1.46 * *
1.44
17.7 I
® 1.42
17.65 - 1.4
17.6 1.38
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Ars/r
S
AT T
0.35
0.3
0.25
0.2
0.15 ®* PS
0.1 ; *
0.05
0
2000 2005 2010 2015 2020
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Lessons learned from LHCDb

Candidates / (12 MeV/c?)

—
o
=]

x10° R
LHCb §
—+— Data 3
— Total fit =
....... Bt— J/zp(e*e‘)l@ \n
[ Part. Reco. g
B*—=J/y(e‘e )t =
Combinatorial 3
g
131
=
]
=
)
.g
5200 5400 5600
m,,,(K*ere”) [MeV/c?]

18000

16000 |-
14000 -
12000 |-
10000 -
8000 |-
6000 |-
4000 -
2000 -

ﬂ LHCb =
— Total ;

— — Signal

---- Background

U

0 n s n
5200

5300 5400 5500
m(J/ WK*K") [MeV/c2]

— x10°
S F
= 6000F
= F
= 5000f
— F
= 4000 F Comb. bkg.
" 3000F
L o
= 2000F
= F
S 1000F
© o E Y .
2005 2010 2015
m(D°) [MeV/c2]

2020

BT 2J/y(ee)K*

B2y

D *>DVK*K)r*

« Precision physics is possible at forward hadronic experiment

e 1
0.8
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

&

((1=p)* 4+
(o +n?)

L) LA LLLL LRE LALL] ALLE] LR AL LA )

T T PP A PR TR -y

|
T

-0.8-06-0.4-02 0 02 04 06 08

Figure 2.2: The Unitarity Triangle
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Thank you




Lessons learned from LHCDb

about making precise flavour measurements

Operations:
« All:

» Elec:

» HCAL:

» Elec:
VX

« All:

« All:

»  Lumi:

MC:

» VELO:
» Muon:
» SL:

Analysis:
» B20C:
» RD:

» B2CC:

» Flavour tagging:

» Charm/SL:
3 QEE
»  IFT:

Trigger stability, monitoring

LO ECAL constants

mu

Bremstrahlung correction July 2016

Bunch lengthening

Real time alignment (Muon Null alignment Aug 2018)
More bugs: TISTOS, ALLSAMEBPV 2018, FT SSp Sspi
SMOG

double metal layer, x-sec (erratum)
2011 acceptance (?)
MC stats

LO had eff

ang analysis K*mumu (erratum)

Time acceptance, beta factor (VeloPIX)

OT time? Incl tagging? PID coverage PIDCALIB pT eta?
magnet polarity, DeltaACP, see Laurent!

HCAL PMT gain

Simultaneous operation of pp and pPb

49



50



The need for more precision

Imagine if Fitch and Cronin had stopped at the 1% level,
how much physics would have been missed”

— A.Soni

. “A special search at Dubna was carried out by Okonov and
his group. They did not find a single K °>n*n™ event
among 600 decays into charged particles (Anikira et al.,
JETP 1962). At that stage the search was terminated by
the administration of the lab. The group was unlucky.”

— L.Okun

(remember: B(K °—>mn*n™) ~ 2 1073)

ICHEP 2016 -- I. Shipsey




Playing field: heavy flavour

ATLAS/
CMs

- FCNCin top
. decays

Belle Il

L subset of topics
Sketch adopted from Marie-Héléne
Schune ECFA2013, 1 Oct 2013 52



LHCb = more than flavour

pdfs, jets, heavy-ion, EW, exotic states...

; dat: —
—=— data .
2 800 T otal it i e
background * LHCb 5:3
\\\\\ + Pg 600
¢ 5
=
< -
O 400+
200
e — O 0.5 0 0.5 1
4 4.4 4.6 48 5 BDT(blc)
-/ZQJ\ M,y [GEV] [~

: iN“Ow_J / Impy,.
ive °
‘mpreS‘S /gm oo o 0.2315:0.0002 (x Q) comparison plo OVe

prOtOn pdf’

dpey
LEP Agg4(b) O

Phys. Rogt, 427 (2006) 257 0.2322:0.0003 3.5F M. Ubiali - NNPDFEO hgrannly nlo LngId ~
- . g
SLD A O " LHCb Implications Workshop ﬁ NNPDF30_heralheh_nlo.LHarld 2
Phys. Rev. Lett. 84 (2000) 5945 0.23100.0003 3E- 15/1072014 ; :
Q=1.41GeV o
Do ~0~ 0.2315:0.0005 ¢ 3
Phys. Rev. Lett. 115 (2015) 041801 - = 2.5 5
d
CDF —— 5
Phys. Rev. Lett. D89 (2014) 072005 0.2315-0.0010 o 2 g
ATLAS — = ]
arXiv:1503:03709 0.2308-0.0012 Dt:u 1.5 3
5
CMms — o [
Phys. Rev. Lett. D84 (2011) 012002 0.2287:0.0032 E
0.5 i
LHCb —0— 0.2314+0.0011 H
_ s
LHCb 1s=7TeV ——O—— 0.2329:0.0015 0 i
LHCb {s=8TeV —O0— 0.2307+0.0012 -0.5 é
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[UH & Kamenik, 1601.05110]

Searches

Dark photons, Majorana, light scalars -I

perturbativity
Q v[ﬁ ©
f § BaBar ditau 8
0 T A + 1 2
» Light scalars " OSAM ;
A->up R Anee | <
o} z E
0.1 : : : 5
6 8 10 12 14 |2
my [GeV] -
+ ] JHEP 0905 (2009) 030 including LHCb and BELLE
b ut S T R T L B E 7 SRR : A -

B+

o
» Majorana neutrino’s G
— B+9 n-lJ'l'lJ-l'

Atre et al., JHEP 0905 (2009) 030

® 0 06 0 06 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

« Dark photons Ly VaVCaVal A,f
- D*02DO%, A>uu : :

® © 06 0 0 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

LHCb gy assum es 15 b~
LHCb D* assumes 15 fb~! §

) Charm, Nu-Cal, E137, LSND }
0.005 0.01 002 005 01 02 0.5 1 2 5 10 20 50

Ph.Ilten et al PRL 116 (2016) 251803
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