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Beauty/charm production at LHC

@ Large production cross-sections @ /s =7 TeV
G,g;)el
o(pp — ccX) ~ 6 mD [Hco-conr-2010-013)

G(,D,D — bBX) ~ 0.3 mb [PLB 694 (2010) 209], Cc.f. o(eTe™ — bB) ~1nb@ T(4S)
= LHC is a Flavour Factory!

@ In high energy collisions, bb/c¢ pairs are produced predominantly

in forward or backward directions

~ 60 mb [JINST 7 (2012) P01010]

LHCb MC
‘[E =7 TeV
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Beauty/charm signatures

Beauty Charm
M~=5 GeV M= 2 GeV
\Q ‘“ﬁ_\ A o

[P

. Compared to minibias (background)
— Relatively high mass - high p;
— Relatively long lifetime - large IP

* Requires excellent vertexing, tracking, PID



The LHCb experiment

» Dedicated to precision study of b/c-hadrons
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Integrated Luminosity [fb™]

LHCDb luminosity prospects

LHCb Integrated Luminosity in p-p in 2016
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The LHCDb data flow: Run-|
@ Level-0, Hardware

- - - > Fully synchronous at 40 MHz

» Selection of high pr particles

LO Hardware Trigger : 1 MHz

readout, high Et/Pr signatures * pr(u) >~1.5GeVre, ,
450 kHz 400 kHz 150 kHz Prgh) x prytz) >~ (1.5Gev/c)

ht  p/up e/y i L* EIT'(I'h" e.7) 75’5{)459:

—, e o Hi evel Trigger , Software
o> o ° Jger i

, - - \ » Stage 1, tracking info, IP cuts

Software High Level Trigger . .
Introduce tracking/PID information, find » Stage 2, full reconstruction + selections
doﬁﬂl::?':c::::(rsu/c‘;‘ia;:?tif\ed to trigger time N50 kB/event — 025GB/S, ~J 2 PB/year
constraints

\ Mix of exclusive and inclusive selections ] o Ofﬂlne data ﬂOW 10

<> N> X*»  Rawdata = Stripping| = (u)DST
5 kHz (0.3 GB/s) to storage Stripping, also as HLT3, Pre-selections

2 kHz

of all decay channels under study

Inclusive
beauty

0 I
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The LHCb data flow: Run-|
:

X x5 5 =

LO Hardware Trigger : 1 MHz 100
readout, high Er/Pr signatures 80

LHCb Preliminary

| Preliminary alignment
5 o(Y) ~92 MeV
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Introduce tracking/PID information, find m(up) [MeV]
displaced tracks/vertices
Offline reconstruction tuned to trigger time
constraints 200

L Mix of exclusive and inclusive selections ) 180 LHCb Preliminary
0 O Q 160

- \ 140 Final alignment
5 kHz (0.3 GB/s) to storage 120 o(Y) ~ 45 MeV

2 kHz

Inclusive
beauty ®
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Indirect searches for New Physics

¢ FCNC b > m{

W
4GF,, . €°

— NP modify C, e

— NP introduce new O, rB | -

* CKM = °°”Z ................. /\@\\ ____________ Amd_g
— Over constrain CKM triangle - ol ’ :
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Candidates / (40 MeV/c?)

Candidates / ( 10 MeV/c ?)

Highlights of Run-| results

See Prof. Zhang'’s talk, Dr. Yu's talk

Observation of B.—up
CMS and LHCb (LHC run )
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Run-| to Run-I|

40 MHz bunch crossing rate 40 MHz bunch crossing rate
<> > <~ <~ <} <

LO Hardware Trigger : 1 MHz ;
readout, high Er/Pr signatures LO Hardware Trigger : 1 MHz
readout, high Et/Pr sighatures

450 kHz 400 kHz 150 kHz
h* p/Hy e/y 450 kHz 400 kHz 150 kHz
- - h* H/pM e/y

"Software High Level Trigger )

Introduce tracking/PID information, find . Software High Level Trigger

Offline reconstruction tuned to trigger time] ( Partial event reconstruction, select ]

constraints . - .
\ _Mix of exclusive and inclusive selections - displaced tracks/vertices and dimuons

~> O T’

Buffer events to disk, perform online

r N
5 kHz (0.3 GB/s) to storage detector calibration and alignment
2 kHz 2 kHz 1 kHz .

Inclusive (o, F-1511] Muons
beauty A

~ > > b I IF
Alignment and calibration  J8SSeal 12 5 kHz (0.6 GB/s) to storage

of inclusive and exclusive triggers

ion) mixture J




The turbo stream

LHC bunch crossing (30MHz) Turbo stream, uDST, event size 10
times smaller, maximize physics output!

LO hardware trigger (1MHz)

. Real-time alignment
l and calibrations

HLT2 software trigger (12.5kHz)

Offline reconstruction and
associated processing -

Oftline reconstruction and s

Calibration associated processing [ .



Candidates per 5 MeV/c?

Real-time analysis

» J/w production @13 TeV presented within
one week of recording the data

[
\S]

Pr—
(=

>_<103 «» =
- o
— LHCb Q 5L —* D L LHCb
- Vs =13 TeV, L, =3.05 pb’! S E Total fit Vs =13 TeV, L, =3.05 pb’!
o 3<y<35 5 ;’r“"ﬁ‘:‘?/‘b 1 3<y<35
- - ompt J/y &
5 2<p_<3GeVic 2-«10 E E=) weomg BV 5 2<p_<3GeVic
L Q C Background
8 g 10°
C _5.5 10"
— '-O -
6 I 5 2 B
N 10
C O
4 I
Eesssssemcatonnate
21
(AL GD VA AR A (D25 S o & b i
2950 3000 3050 3100 3150 3200 10 -8 6 -4 2 0 2 4 6 8 10
. [MeV/c2?] t, [ps]

LHCb prospects Jibo HE (UCAS) 13



candidates / o[m(uu)]

Bonus: full dimuon spectrum

» Useful for studies of, e.g., dark photon

Jy| HIt2ExoticaPrmptDiMuon === OS

10° L~12 pb! ss

. wip ¢ veS)  yas)
10 n—pp(y) Y0s) SS (comb. corr.)
10° 1 Y(39) ,
10?
10

f
1 PP | Lol s s g N
10° 10* 10°

m(uw) [MeV]



Projections after Run-I|

[LHCb, EPJC 73 (2013) 2373]

Type Observable Current precision LHCb 2018
BY mixing 2B,(BY — J/¥¢) 0.10 [139] 0.025
2B,(BY — J /¥ £0(980)) 0.17 [219] 0.045
as 6.4 x 1073 [44] 0.6 x 1073
Gluonic penguins 2B8(BY — ¢¢) - 0.17
26:(B? - K*'K™) - 0.13
28°(BY — ¢KD) 0.17 [44] 0.30
Right-handed currents 2B (BY — ¢y) - 0.09
(B — ¢¥)/7p0 - 5 %
Electroweak penguins S3(BY - K*0utp—: 1 <g? <6GeVijet)  0.08 [68] 0.025
soAre(BY = K*utp) 25 % [68] 6 %
AlKptp ;1 <qg? <6Gevi/ch) 0.25 [77] 0.08
BBT - utu)/B(BT - Ktutu™) 25 % [86] 8 %
Higgs penguins B(BY - putu) 1.5 x 1079 [13] 0.5x107°
B(B® — utu”)/B(BY - up”) - ~100 %
Unitarity triangle angles  y(B — D™®K®) ~10-12° [252,266] 4°
y(BY > DK) - 11°
B(B® — J /¥ KY) 0.8° [44] 0.6°
Charm CP violation Ap 2.3 x 1073 [44) 0.40 x 1073
AAcp 2.1 x 1073 [18) 0.65 x 1073

Theory
uncertainty

~0.003
~0.01
0.03x 1073

0.02
< 0.02
0.02

<0.01
0.2 %

0.02

7 %
~0.02
~10 %

0.3x107°
~5 %

negligible
negligible
negligible
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Trgger yield (Arb.'t\.i)mt)
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The LHCDb upgrade

e Lumi, from 4x10%2cm=s-1to 20x1032cm—2s

* Increase trigger efficiency of hadronic
decays =»hardware trlgger removed
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Trigger: run-ll to the upgrade

30 MHz inelastic event rate
(full rate event building)

40 MHz bunch crossing rate

~ > >

LO Hardware Trigger : 1 MHz -Software High Level Trigger
readout, high Et/Pt signatures [

Full event reconstruction, inclusive and
xclusive kinematic/geometric selections

450 kHz 400 kHz 150 kHz
| h* H/Hp e/ly

. Software High Level Trigger . Buffer events to disk, perform online
. . detector calibration and alignment

Partial event reconstruction, select
displaced tracks/vertices and dimuons

7 N\
Buffer events to disk’ perform online Add offline precision particle identification
detector calibration and alignment and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related

rimary vertices for exclusive triggers
of inclusive and exclusive triggers P i 99

L - - L} <} <}

[Full offline-like event selection, mixtureJ




The present VELO

@ Present VELO (Vertex Locator) uses microstrip sensors along z

» Left and right halves can move into/out of the beam, (r,.,s) ~ 8 mm

» Primary (beam) and secondary (VELO) vacuum separated by thin
Al box (“RF foil”), inner radius ~ 5.5 mm

—— R sensors ‘ 1m
R sensor Phi sensor ¢ sensors
cross section at y=0 &
o0
)
60 mrad
LT HIT

’ ’ ‘ ‘ ‘ 15 mrad
\ E — \ \\ " . .
, VETO \ i interaction region
3 stations | viewo c=53cm
=) | most upstream
\\ VELO station

8.4 cm
p— WV X
stri&)_s . -
routing lines
6cm
LHCb prospects

VELO fully closed

VELO fully open
(stable beam)



The upgraded VELO

@ Upgraded VELO will use hybrid silicon pixel detectors
(55 x 55 um?), 41 M pixels

» Thinner RF foil, 150 um

» |Inner aperture reduced

from 5.5 mm — 3.5 mm
> <rsens> ~ 5 mm

@ Improved opp and efficiency

T I T T T T I T T T T

._.
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= 90_ [LHCD simulation S T * upgrade . — J
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LHt

The present tracking system

@ TT&IT, silicon; OT: straw tube
@ Excellent momentum resolution

Events / ( 5 MeV/c?)

J. Instrum. 9 (2014) P01002

» TT silicon
» IT silicon
» OT straw tubes

T T T T T T T

250

o =7 MeV/c?
200 m
150 , [
Trigger 1 T-stations
100 Tracker
50
Upstream track
T1 T2 T3
0 2 2 2 2 2
5300 5350 5400 5450
MUy 6 MeV/c? uT
Uy o) [ ] VELO Long track
VELO track Downstream track
T track

20



The upgraded tracklng system

@ TT replaced with Upstream Tracker 5

@ IT+OT replaced with Fibre Tracker
@ Improved tracking performance

1719 mm

1528 mm

cfl'i

Ip ——
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0.9 — +++ _+_:£
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0.85F _+_-+—+ -+- + 4t et =
0.8 } '+‘currcm E
0.75F -
n '+‘upgradc .
1 L L 1 r

* 144 modulesin 12
layers

« 360 m2total area
*« more than

10,000km of fibre




The current RICH

@ RICH-1, 30-300 mrad, 2-60 GeV, Aerogel (1.03) + C4F¢(1.0014)
@ RICH-2, 10-120 mrad, 16-100 GeV, CF4(1.0005)

Photon
Magnetic Detectors
Shield 4
250 M@
Aerogel " Spherical
_ Mirror
o 1 Beam pi
veto — | ° T Track
exit window )
~_Carbon Fiber
Exit Window
Plane
Mirror
Lk l |
0 100 z (cm)

T

7 ;" K ; .

ol

Aerogel

C4Fiogas

- >-‘M-7CF4 gas
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S plixel array
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\
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~__(~20kv)
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~
7 ~ _
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~

N
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The upgraded RICH

[C. D’Ambrosio et al., LHCb-PUB-2013-011]
@ RICH-1, Aerogel removed; RoC of Spherical mirror increased

» Cherenkov angle resolution improved
» Radiator length increased = increased photon yields

Focal Plane

Quartz window
Quartz window |

Flat Mirror -

a)

(
_1\L|\‘
\?\\}v

=1

Spherical

Mirror

Focal Plane

Quartz window

Flat Mirror

(b)

]

Mirror

u_________ty/

Spherical
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2245



The upgraded RICH, PID

@ With improved o and increased N,., PID performance improved
— After upgrade, PID performance at 20 x 10%2cm 25~
similar to the current RICH at 4 x 10%2cm—2s~"

S
E = Black :Lumi4 current geometry
5 a Blue :Lumii0 current geometry
k] . /
5 o8 Red :Lumi20 current geometry /o
% ~ e Green :Lumi20 upgraded geometry
s -
=
9 B
& =

B /

//
/ |
Lllllllllll/llllll llJllLllllllllllll
150 65 70 75 80 85 80 95 100

Kaon ID Efficiency / %



The upgrade of calorimeters
» Scintillating Pad Detector

(SPD) and Pre-Shower
(PS) removed

* Degraded y & lower
momentum electron PID

Background retention

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

1

—*— With SPD/PS

—+— Without SPD/PS (Upgrade)

— M iS-| D rate: 0901702703704 05 0.6 0.7 0.8 09 1
Signal efficiency
Momentum | SPD/PS | SPD/PS no SPD/PS | SPD/PS no SPD/PS
(GeV/c) v=20 | v=238 v=23.8 v="7.6 v=".56
selection efficiency € = 80%
0<p<10 0.62 0.57 4.6 3.2 9.0
p > 10 0.16 0.12 0.16 0.29 0.32
selection efficiency € = 90%
0<p<10 2.1 2.5 11 12 18
> 10 1.1 0.73 0.72 1.3 1.4 2




The upgrade of the muon system

M1 M2 M3 M4 M5
C i

\

* M1 will be removed
« Slightly degraded PID
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Projections after the upgrade

[LHCb, EPJC 73 (2013) 2373]

Type Observable Current precision LHCb 2018 Upgrade Theory
(5071 uncertainty
BY mixing 2B,(BY — J[Uo) 0.10 [139] 0.025 0.008 ~0.003
2B,(BY — J /¥ £0(980)) 0.17 [219] 0.045 0.014 ~0.01
as 6.4 x 1073 [44] 06x102 | 02x1073 | 0.03x1073
Gluonic penguins 2B8(BY — ¢¢) - 0.17 0.03 0.02
28°(BY - K*K™) - 0.13 0.02 <0.02
28°(BY — ¢KD) 0.17 [44] 0.30 0.05 0.02
Right-handed currents 2B (BY — ¢y) - 0.09 0.02 <0.01
t*M(BY — ¢y) /o - 5% 1% 0.2 %
Electroweak penguins S3(BY - K*0utp—:1<qg? <6GeVijet)  0.08 [68] 0.025 0.008 0.02
soArs(BY - K*0utpu) 25 % [68] 6 % 2% 7 %
AlKpt ;1 < g? < 6GeV?/c%) 0.25 [77] 0.08 0.025 ~0.02
BBt - atputu™)/B(BT - Ktutu™)  25% [86] 8 % 2.5 % ~10 %
Higgs penguins B(BY - putu) 1.5 x 1079 [13] 05x107° | 0.15x10°) 03x107°
B(B® - putpu )/B(BY - utu) - ~100 % ~35 % ~5 %
Unitarity triangle angles  y(B — D™®K®) ~10-12° [252, 266] 4° 0.9° negligible
v(BY - DsK) = 11° 2.0° negligible
B(B® = J/YKY) 0.8° [44] 0.6° 0.2° negligible
Charm CP violation Ar 2.3 x 1073 [44) 040 x 1073 | 0.07x1073 ) -
AAcp 2.1 x 1073 [18] 065x 1073 | 0.12x1073) -
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Mlxmg induced CPV

| CDF 9.6 fb™

0.06}

Important to control penguin £

.....................

68% CL contours |
(Alog L = 1.15)

ATLAS 19.2 b’
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Phase-1b upgrade

e Run at same lumi
* New trackers

Magnet

Nv

'\

« TORCH for low
momentum PID
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Phase-|l upgrade

* Under discussions: physics, feasibility

e Lumi: from 2x1033cm~s-1to 2x10%*cm=2s-
* 4D (timing) detector to mitigate pile-up

« Aim to take 300 fb"

LHCb Upgrade >

HL LHC »
2021 2024 2027 2030 2031 2034 2035

Phase 1 Phase 1b Phase 2
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LHCDb statistics-timeline

LHCb LHCb Upgrade | LHCb Upgrade Il

1200

1100
1000 —=|ntegrated Luminosity

900
800
700
600
500
400
300
200
100
0 e
2010 2015 2020 2025 2030 2035

===Cross-section adjusted

—=Trigger adjusted (hadronic)

Run | equivalent fb-*

8 A
N\
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Projections on some key variables
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Probing the up-sector

Enormous data-set
Prospects

Candidates per 19 keV/c?

— CPV in mixing (Ycp,d/p)
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Prospects for other measurements
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Summary

LHCDb: one of main players on flavor physics

New trigger strategy in Run-Il increases the
LHCDb physics potentials, e.g., dark photon

With the ongoing upgrade
— Indirect search for NP: much improved precision
— Experimental QCD studies

Further upgrade (300 fb-1) under discussion
Inputs from you are always welcome



