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Standard Model

» Standard Model (SM) works beautifully up to few hundred GeV,
but must be an effective theory valid up to some scale

» SM is unable to answer many key-questions:
® Dark matter candidates?
® Source of baryon asymmetry generation?
® Origin of flavour (what underlies the family replication)?
® Source of the hierarchy in the W couplings to the different quarks?

» Unlike the discoveries of W /Z /top/Higgs, which were theory-
guided

® More rely on the experiments inputs
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Paths to new Physics at LHC

» Direct search * Indirect search (Flavour physics)

The “relativistic” way

The “guantum” way

Sensitive to much higher mass scales O(10 - 100TeV)

Masses and production cross section o
CP violation measurements!

limited by collision energy
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An example of indirect search

» [3 decay of the neutron:
Phenomena taking place at ~ 1 GeV reveals physics at the 100 GeV
scale

. e— A udu Ve
What you measure .u__‘__,,j_-;_:_:}}:::t:.,r .
M~1GeV
W-
M~1 GeV
ugd
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Flavour physics is a key-tool

» CP violation and FCNC: sensitive probes of short distance physics
® Probed scales: > 1 TeV, depending on Cyp
® Many tests limited by statistics not by systematics nor theory

Al > i+ X) = 4 (CSM /C\NP) where A%p (Cyp) is NP scale (coupling)

NP

» 1964: CP violation in the decay of Kaon meson

® Observation of K; = nimt
— Three generations

> 1987: B; mixing from ARGUS (/s = 10 GeV)

® Amy~0.00002x (Ge"’;/cz) ps~1~0.5ps!

= m, > 50 GeV

11/13/21 LHCb upgrade and Prospects, Hang Yin
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The LHCb detector

40% of the heavy quark production cross section in 4% of the solid angle

LHCb MC
V\s=14 TeV

Acceptance
—
’

Dipole Magnet

normail conducting

bending power: 4 Im
regular polarity switches

RICH detectors =
K/n/p separation
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Indirect search for New physics: via precision measurements =
of CKM, CPV and RD ™

QCD+EW precision measurements at large rapidity

Hadron spectroscopy

Direct search of new partilces beyond SM

Heavy-ion physics

- : AVT) 1.
» ’ r! ‘ :




Motivations for upgrading LHCb

» Go beyond Flavor physics: from exploration studies to precision studies
® No significant signs of New Physics in Runl and Run2
® But anomalies observed: R(D*), R(K), R(K™), angular analysis of K*u*u~ and

more LHCb 2015 Trigger Diagram

» For more precision
® Br(Bs — p*u”) down to ~10% Of SM (Lo torduare rigger : 1wz

® CKM ) 4 angle to ~10 450 kiz ‘ 400 itz i R ot
® 2, to precision < 20% of SMvalue .37 .. .S S |

. Software High Level Trigger

® Charm CPV sea rch beIOW 10_4 [ Partial event reconstruction, select ]

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

40 MHz bunch crossing rate

v > I

:Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

Buffer events to disk, perform online
detector calibration and alignment

> O n | O n e Wa fo rwa rd . Buffer events to disk, perform online \ Add offline precision particle identification
detector calibration and alignment and track quality information to selections

displaced tracks/vertices and dimuons

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

. re m Ove | i m itati O n S fro m h a rd Wa re t rigge r .(Full offline-like event selection, mixturej

of inclusive and exclusive triggers

o O T o O U
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LHCb schedule

We are here!
~1 visible
interaction

~5 visible ~50 visible
interaction interaction

LHCbhb—e LHCb Upgradel ° o LHCb Upgrade Il —

Runt -Run2 _mes L mee || Rws | mws |2
LS3

L= 1007 | oruparace £=2X10% 1 atlagiows > Lne 507 L4 £= 12X 10%— LS5 Lo 30070°

Phase 2 upgrades

MIIWMM 202 |2022 (2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 20 31

LHCb Upgrade | LHCb Upgrade I: incremental
Installation starts improvements/prototype detectors

2 20 20 205 o] ] 4

LHCb Phase-l upgrade ongoing now during LS2 for Run-3 and Run-4

* Full software trigger and readout all detectors at 40 MHz

* Replace tracking detectors+PID+VELO

e L~2%x10%3sec™ cm™?: x5 wrt Run2, 5.5 visible interations/crossing

e Consolidate PID, tracking and ECAL during LS3
11/13/21 LHCb upgrade and Prospects, Hang Yin 11



LHCb schedule

We are here!
~1 visible
interaction

~5 visible ~50 visible
interaction interaction

LHCb— LHCb Upgradel ° o LHCb Upgrade Il —
Runt -Runz TN )
LS3
L= 1007 | oruparace £=2X10% 1 atlagiows > Lne 507 L4 £= 12X 10%— LS5 Lo 30070°
Phase 2 upgrades

2010 | 010 200 00 202 |02 203z 203 2 207 208 2 1 208 s s || v 2
TLHCb Upgrade | LHCb Upgrade I: incremental

Installation starts improvements/prototype detectors

LHCb Phase-Il upgrade during LS4 beyond Run-4
* Use new detector technologies + timing
e L~1x10%3*sec™!cm™?

11/13/21 LHCb upgrade and Prospects, Hang Yin 12



Target luminosity

current LHCb — Upgrade |

» Upgrade Il —>

NE 20 —
E
g 18—
= -
E;1GWE
2 14—
= -
£ 12—
— - ~— N
-l . (7)) n
x 10— - -
— -
8—
6—
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i
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2010 2015 2020 2025
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LHCb Phase-I Upgrade

Particle ID Upgrade-I LHCb detector
Upgraded LHCb Detector ; tNL;N Calorimeters
etector + R i Muon
To be UPGRADED electronics +idel\j,$i|zcl\irTog%2 new electronics

Detector Channels i New
R/0O Electronics ‘ C ‘ Veriex / / W‘\ ECALﬁCAL M M5 \
. MUON . WCAL  MUON 2:5 Detector / / Magnet SciFi \ \

Tracker

DAQ r\ H. -~ Ry
| = 111

Vertex )/ = H
Locator

B R o A = L O FL (e R R N R - - - i e e e s s

Event Builder

Comput. Phys. Commun. 208 (2016) 35-42

New Tracking stations + trigger-less readout & sw trigger on GPUs
~2% of the events will contain a reconstructible b-hadron
Particle type Run I (kHz) Upgrade (kHz)
b-hadrons 17.3 270 Includes expected trigger and
c-hadrons 66.9 300 reconstruction efficiencies

Light long-lived hadrons 22.8 264

11/13/21 LHCb upgrade and Prospects, Hang Yin 14



LHCb PhaSe_I Upgr‘ade. STGTUS Travel restrictions

VELO SciFi
Modules: first half completed Modules: main type production Four (of 12) assembled frames &
Half Assmenbly: expected to start soon nearly compelte cable chains installed

Mounting

RICH: commisioning

RICH1 enclosure installed and
leak tested

CALO&Muons:
\ commisioning
Front-end board

installation
RICH2 Photodetector arrays

installed

LHCb upgrade and Prospects, Hang Yin 15
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LHCb Phase-IT Upgrade

» The Phase-Il upgrade involve
B s meme s\ changes to nearly all parts of
i experiment
Y @ ® \ertexing: pixel detector with
Nﬂ ﬂ timing

® Hadron PID: RICH with timing and
imporved resolution+TORCH for

low-p
e ® Tracking: Magnet side stations +
e e . (pixel) inner tracker
_ _ ® Calorimeter: timing + improved
25 ns bunch crossmg period 20 ps time window resolution
N NN )k W\ ,W\\ ' Time [ps] ’ Time [ps] .
pF\ Nl 7 72— I I ® Muon system: alternative
o technologies for high rate regions
S AN * » Timing information will be
crucial:
e o ® - 4D precision detector
11/13/21
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Rich physics programme after Upgrades
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CKM measurements

2019 LHCb Phase I
1-5 T IdeIBdI | T CIL |0915 ‘ T 1 I%‘I IEmisealy | | LI T 177 J 1-5 le)(ldjcl’ed Lreah;s cIL)IOQI5 ‘ L l%l Wil T I T 1T T 71 I T T 1 B
| lex area has CL> 0! 3 % ] | - E % a
i T % ] i v % ]
b & Am, & Am, o= % ]
? . “sin2B 5
05 — — 0.5 B =
: | - L ]
= oo - Y -
05 - 05 - —
10 - Y & 10| K
- sol. Weos2p<0 - sol. wWeos2<0
- | Summer19 : (excl. atCL> 0.95) - Phase || ' (excl. atCL>0.95)
.1.5 [ | [ 1 | ] - - | l | e [ ] | l | - [ | IJ;I 11 l— _1-5 Ll L& | o o | l 111 1 I | v ! [ | I Ll L&y l I - i
-1.0 -05 0.0 0.5 1.0 15 2.0 -1.0 -05 0.0 0.5 1.0 15 20
p p
LHCb (300 fb~1), Belle-Il (50 ab™1)
ATLAS & CMS (3000 fb~1)
o, ~ 5°(2019) - 1° (Phase 1) — 0.35° (Phase 2)
11/13/21 LHCb upgrade and Prospects, Hang Yin
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B mixing phase, @,

» CP-violation phase arising from interference between mixing and
decay, precisely predicted

> Golden channel exploited by LHCb, ATLAS, CMS: BY — | /1 ¢

® Statistically limited

® HFLAV combination: ¢, = —0.041 £ 0.025 rad

Dominant SM “tree” contribution

11/13/21

+ — a.zf.ll -~
{ =W )T

4q

ey -

Higher order “penguin”

contributions from non-perturbative

hadronic effects

NP could be difficult to
distinguish from

penguins...

LHCb upgrade and Prospects, Hang Yin

HFLAV

PDG 2021

68% CL contours
(Alog £ =1.15)

DO 8 fb~1

CMS 116.1 fb~!

CDF 9.6 fb~1

LHCb 4.9 fb~!

-0.3 -0.1 0.1 0.3

HFLAV 2021 Average %
19



B mixing phase, @,

» CP-violation phase arising from interference between mixing and
decay, precisely predicted

> Golden channel exploited by LHCb, ATLAS, CMS: B2 — ] /4 ¢
® Statistically limited also @ 300 fb~1. LHCb precision < 3 mrad
® Same performance as in Run 2 (tagging power etc.)
® Expect precision of the penguin pollution will scale similarly

1000

LHCb
100+

0" (¢%) [mrad]

101 « B >ves)s . 2
x B)— D;Df X
+ BY— J/yK*K~ high mass

| v BY—J/ymn
Ly o Bl
o Blallces

—-—= ¢, central value [CKMFitter Summer 2016]
5 2350 300
Integrated Luminosity [fb™]
11/13/21 LHCb upgrade and Prospects, Hang Yin
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0 + -

By 21 H

» Golden modes in NP searches: precisely predicted in the SM

> With 2011-2018 LHCb data (9 fb~1): The SM point is near the 2¢ band
® Br(BY — u*u~) = 3.09104570.13x107°
® Br(B® - utu™) =1.2%%8 + 0.1x107°

> With 300 fb~! data-set:

® Br(B® - utu™): statistical precision will be 10%
® Yields will allow effective lifetime (2%) and TD CP asymmetries (10-20%)

LHCb —e— Data 7] 3
9 fp! —— Total

0 .o
BDT >0.5 Biopu

N
[e)
o

0410]

o
(e]
T

Candidates / ( 27.5 MeV/c?)
3
BR(B-u*u~)[x1

—
(e
T T TrTT

]
T T

A 23 ; : 3'
5000 5500 6000 BR(BY » 1 * 11~ )[x107]

My [MeV/c?] -
11/13/21 LHCb-Paper-2021-007  LHCh upgrade and Prospects, Hang Yin o 1V-2104-10058



B’ - K*%uu

> BY - K*9(-> K*mn™)uu exhibits rich angular structure

» Measure optimised angular observables with reduced hadronic
uncertainty, like P

» Most precise measurement from LHCb is above the SM prediction

v T T T T T T T T T T T T T T T

= 5 LHCb E
sRun 12016 . . .
0.5 « Combined 1 * Expect~440000 B® - K*°uyu candidates in Upgrade l|
T B 17 SM from DHMV 1 o .
of ] e Allows for determination of angular observables with
unprecedented precision
0.5
= —— ‘ )| H H
» T 5 =1 e Different NP scenarios can be cleanly separated
_1—_ PR I | :I P R T IR .
0 5 10 15
g* [GeV?/ ¢4

PRL 125 (2020) 011802
11/13/21 LHCb upgrade and Prospects, Hang Yin 22



Lepton universality: R(K™))

» LHCb results are consistently lower than 1

» Results from B-factories are compatible

(with less precision)

- BaBar

0.1<¢*><8.12 GeV¥/c*

Belle
1.0 < ¢* < 6.0 GeV¥/c?

LHCb 9 tb!
1.1 < ¢*<6.0 GeV¥/c?

0.5

Upgrade 2: All 4 NP scenarios could beos

1 15

arXiv:2103.11769

Right-handed
components

distinguished at >50 !!

11/13/21

Ry

d d d
<
BO R0 BO R0
° \ o o \ &
b o+t S b + t . 8
\\ / \\ /
W _ W _
. " L &
.
g = My
ut et
Nominal NP
components Expected yields

LI-iCb lIJpgrf;de HI - 0 Reusl ! Yield Run lresult 8fb~" 23fb~" 30ffb~"
g ~  R[16] BF > K¥eTem 254120 970 3300 46000
B8 ACy=-14  BY= Kete 111414 430 1400  [20000
LHCb Upgrade I BY— gete” - 80 260 | 3700
Scenario-11 - AC=-07 M- pKe'e - 200 700 \9800
. ACio=+07]  Btortete - 20 75 \ooo
LHCb Upgrade I - Ry precision Run 1result 8fb~" 23fb~" 300f6_

Scorniol - Ag=+03 Bx 0.745+0.090£0.036 0.046 0025

e ACL =103 B 06940114005 0070 0.038

- ACh =03 B - 0304 0.165

LHCb Run 1
L L | 1 L | L | L L 1
0.6 0.8 1 12

Ry
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Lepton Flavour universality at tree level

» Test of LFU in semitauonic decays are obtained measuring the
with X, = D" or J /Y

following ratios: Ry =

I'(B->X:ttvy)
(B->Xcutvy)

I

d d
<
P BY
\ \ \
¥ 3§ . 7 i3 r 4 i
\\ (6 b N
N 777
: —

Prospects

Run 2 Run 3 Run4 Run 5 Run 6
[} o]
& £
g g
s 8 =
=} =
g 6 I
° °
= 4 =
2 Pessimistic
LHCDb unofficial
0
FFIFTTIIFFFFIFFSIS
A A s A A A A
Data sample up to year
11/13/21
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[ HFLAV average

I T T T T T T T T I
Ax* = 1.0 contours

Sensitiveity in Upgrade Il:

- iy 3.10 tension 1
L BaBarl2 ]
- 30 ]
C LHCb18 ]
r %Bellew |
B Bellel7 -
— + Average of SM predictions HFLAV
r R(D) = 0.299 +0.003 |_Spring 2019 |
C R(D*) = 0.258 +0.005 POR) =27% ]
I 1 1 I 1 1 1 1 I 1 1 I 1 1 1
0.2 0.3 0.4 0.5
HFLAV 2019 R(D)

Expect ~O(10 M) B — D™ 1V candidates

RD*

~1%
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More collisions are coming

The first rings from RICH
> The first beam test in this [
year, start Oct.

» Looking forward to have
stable beam collisions
next year!!

11/13/21 LHCb upgrade and Prospects, Hang Yin




Conclusions

» Interest in precision flavour physics is stronger than ever
® |n case no direct evidence of NP pops out of the LHC
® Flavour physics can play a key role

» The LHCb experiment successfully completed its first decade of data
taking in the LHC Runl and Run2

» Currently preparing the upgrade of the detector in view of Run3 and
Run4

® Aim at collecting at least 50 fb~! by end of Run4
» Improvements in detector will open up many little-explored modes

\\ L[/
Exciting times ahead at LHCb! :“ %

w
STOY TUNCO
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BackUp
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LHC: 59 hadrons discovered

» 52 discovered by the LHCb

LHCb-Figure-2021-001

11000 —
— l o*BP) 59 new hadrons at the LHC o23P)
Xb1(3P) =
-~ * -~
700077 B.(2S)* BZ(2S)* Tisce £
- i ®s (25 @
Qp(6350)
_ Ab(6152)° -
=(0227)" No(6145)° 'Qb563405b(6227)°
6000 - =0 Ab(5920)° S @B/(5970)"° L g W:=,(61000- |
W), (5012)° = - B @5,(5840)+ 0 55(6097)*  A,(6070)° B4(6114)0
55(6097) B.(6063)°
S 5000 - X(4700) X(4685) I
m -
= ® ‘;’f P.(4450)*  ®X(4500) P.(4457)* @X(4630)
" ® bd X(4274) Pc(4440)* Z.+(4220)*
i X(4140 cs )
g @ c&qd) @ 4140 p (4380)* P(4312)* Z(4000)*
40001 o cécé . ¢X(3842) ® -
® <q =cc
® <qqq Q.(3119)°
m baq D,(3000)*:° . N Q§§3ogo)g Z(2939)°
3000 A D;(3000)° @ D;,(2860) N(2860)* 1 Q(3066)° .X1(29°°) -
caq D};(2760));Q ® o Qc(3050}0 - (20230 #%0(2900)
h D)(2740 D3 (2760) c Zc .
cC J ® 3 ®
m caoq  DETO D4(2590)
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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Upgraded Vertex Detector

Future VELO must maintain same performance, but in harsher conditions

 Low material budget, cope with > radiation damage, deal with > multiplicities

« Trigger-less readout ASICs and provide fast and efficient reconstruction at HW level

- Recent technology reviews favored the choice of a

Si-pixel detector with microchannel cooling

occupancy

11/13/21 LHCb upgrade and Prospects, Hang Yin
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Upgraded Tracking System

» Silicon micro-strip detector

>bFour layers (X, u, v, X) upstream of magnet: finer granularity and closer to
eam

» Four types of sensors ™ ]
»N- and p-type with 512 or 1024 strips oy
» 320/250 \mu m thick; 190/95 \mu m pitch D
» Modules mounted on double sided staves o
» Bi-phase co2 cooling pipe integrated in stave ——
» New read-out ASIC (SALT) |

Hybrid routes power ‘ ‘

> 128 channles with 6-bit ADC Sensrane parheny |

SSSSSSSSSSSSS

Kapton
flex
cable(s):
data and
power

> FE readout electronics mounted on detector

11/13/21 LHCb upgrade and Prospects, Hang Yin 30



LHCb Phase-I Upgrade documents

T g e
Framework UPGRADE

CHEb
Particle ldentification

CERN-LHCC-2008-007
CERN-LHCC-2011-001
{ CERN-LHCC-2012-007
CERN-LHCC-2013-021
CERN-LHCC-2013-022
CERN-LHCC-2014-001
CERN-LHCC-2014-016
CERN-LHCC-2018-007
CERN-LHCC-2018-014
CERN-LHCC-2019-005

Letter of Intent

m“w 1HCG 2014001

EHCh
Trigger and Online

- DL L&
009999399 299 3 K
\ 4 2

‘/ﬂ

W)

yoie Yl nd
. E

Technical Design Report

Technical Design Report Technical Design Report
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LHCb Phase-IT Upgrade documents

m CERN/LHCC 2017-003
@8 11eh Eol

\~\.\( .‘\) 08 February 2017

Opportunities in flavour physics,
and beyond, in the HL-LHC era

Expression of Interest
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