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Timeline for the LHCb Upgrades
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Phase 2 upgrades
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TLHCb Upgrade |

LHCb Upgrade I: incremental

Installation starts improvements/prototype detectors

HL-LHC note [CERN-ACC-NOTE-2018-0038]
Feasibility of running of LHCb Upgrade Il
LHCb response [LHCb-PUB-2019-001]

Considerations for the VELO detector at the LHCb Upgrade I
CERN-LHCb-PUB-2022-001
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https://cds.cern.ch/record/2800144

I H
LHCb Upgrades ﬂ

e LHCb physics programme in Run 1 —Run 3 and 4 is limited exclusively by the detector.
 LHCb Upgrade | has been completed this year, Run 3 starts next month!

Upgrade | Upgrade I

Logx =2 %1033 cm2st _ Run 1 Run 2 Run 3 Run 4 Run5__ Run6
L =50 fbl (Run 3+4) N:m 16 chedule updaledbegh:ningofmxt . e ;o350
E 14 = i | o . Ly 1_|'q_
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* LHCb Upgrade Il starts after LS4 (major upgrade of = 10 =
ATLAS/CMS) 2 g 200
'g 6 150 E
Upgrade II: E 4 100
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tnt ( ) = Yono 2020 2030 2000 ©
Year

BEACH2022

A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW 3




° 0.6 % EK Spr;ngz1 _f
Physics programme for Upgrade | E
N 3 S 3
1= 5 =
0.3 & —
Run 1 -2 and 3-4 E
. . . B oy B \
 Time-dependent and time-integrated CPV measurements oo T b L e
« Measurement of unitarity triangle sides . dreP12(2b21)141
JHEP 03 (2021) 075 L_]F) - 1
° MixingandCPVincharm Q 1JII|IIIIII\II\I|III|III|Ili ‘_‘().8_—
S 0.8F LHCD = ;
* Rare decays, exotic hadrons E 0.6 1.9 = 0.6k
_ o 0.4E- K *r ¥ sample e C
* Forward physics, QCD < "E0S tagging - 0l
0.2 S L. 683%
* Dark matter 0F = 02l
* Heavy ion physics 0.2 E [ 954% ]
0.4 - 026 "3 60 70 80 90
T —0.6 + v [°]
- o 12 Gevire —0.8F = _Phys. Rev. Lett, 128 (2022) 041801
: Belle _I:II 1 | 111 | 111 I | 111 | 111 I 11 :l: ;\g\ : ! :
P 1.0 < g2 < 6.0 GeV¥c* 2 4 6 8 10 12 14 > 40 - LHCb Prehmmary —*— Dana i
L L 9 fh! Total -
LHCh 302)'\12, 4 Decay time [ps] E . B:)T S0 = 4
O<gqg .0 GeV/ e ~ 30 —B°a,u,u -
LHCb 5 fb! < — Bowuy 5
: 1.1 < g% < 6.0 GeVc* : fNTT 0w B—h'h .
U LHCb 9 fb’! 220 Ny 4y Yo bt v -
o i L a0t see Monday’s talk for details :é . -l” ﬁom;:mﬁaff ]
0.5 1.5 10 —
Nature PhVSICS 18, 277-282 (2022) Ry S ;“;;.. .
0F LY & it FRP
L 1 L 1 1 1 1 L 1 1 1 j
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https://link.springer.com/article/10.1007/JHEP03(2021)075
https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf
https://arxiv.org/abs/2108.09284
https://www.nature.com/articles/s41567-021-01478-8

: L H
Physics prospects ﬁ

Run 5-6
Expresion of Interest LHCC-2017-003
* Time-dependent and time-integrated CPV measurements Physics case LHCC-2018-027
e Measurement of unitarity triangle sides Accelerator study CERN-ACC-2018-038

 Mixing and CPV in charm

* Rare decays, exotic hadrons Physics Case

for an
LHCb Upgr

* Forward physics, QCD
e Dark matter
* New Physics Searches

* Heavy ion physics

Expression of Interest

AIM: increase the precision (larger data sample)
with the same performance as in Run 2,3-4 but with pile-up ~42!
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Measurement of UT

 CP observables measured in Run 1, 2 and 3 may not exclude NP!
* More and more precise results may reveal possible inconsistencies

* HL-LHC era: possibility for clean picture of the physics of flavour
HL-LHC

e
~

HH‘HHl\IH|\IHT/IH

:

= I\I\‘I\I\‘\\H‘HH'\IH'\IH‘\IH

o

n 2B i y & Arns LHCb 300/fb

excluded area has CL > 0.95

= HH‘HI\‘HI\‘HI\‘HI\'HI\'HI\
i

Two independent measurements of triangle apex:
(Amy/Amg, sin2B) and (Vyp,7)
Both require Upgrade II: (Am,/Amg, sin2[3,y) for statistics, and theory improvements (Am;/Amg and V,,;)

CKM elements |V,,,| and [V} | affect the UT apex and interpretation of rare B(g) — p* ™~ L HCb-PUB.2029.012
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https://cds.cern.ch/record/2806113?ln=en

L H
CKM angle y ﬂ

see also Wojtek Krupa'’s talk

CKM angle y
. . _ VudVZb
1. The only angle that can be determined exclusively from tree processes Yy =arg| — Vv
cd¥ cb
2. Theoretically clean: v /y < 0(1077) -
+
3. SM benchmark for New Physics searches < _ Kk
wt S
4. The most recent LHCb result (15 decay modes): y = (65. 41";}2;) T — o
By Dy
Run 1-2: S > s
some tension between direct and indirect methods- LHCb-PUB-2022-012
need better precision from trees measurements — 100 .
% I ADS/CLW only
* 10+ Y
5. Upgrade in sensitivity: combination of many final states in B(s) — D((S))h(*): %
° 0 = :
charged and neutral (7, y), B — . .
* two- and multi body D decays 1 B* = D'K* )
o . Y BY 5 DK "
fully and partially reconstructed . BV DKW
5 23 50 300
LHCb Upgrade Il anticipates a precision on y of about 0.35°. Integrated Luminosity [fb—]
BEACH2022 A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW 7
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Exclusively @LHCb U2

CP Violation in charm

e SM—CPVin charm at level of 104 1 Current LHCb [ 23fb-! BN 300fb-"

* Fully software LHCb trigger — more charm hadrons than B-factories.

e Tracking stations inside magnet — more flavour-tagged decays 1
* LHCb Upgrade Il is the only planned experiment with possibility to 521
observe CPV in charm mixing at the level of 10~ =5

e Strighten CP violation in decay:

v' Higher rate of two-body D° decays

Solid (dashed) contours contain 68.3% (95.4%)

v Interfering structure of three(four-)body decays of charm e o i

mesons

.. see also A.Ukleja’s and E.Shields’ talk
e Searches of NP more efficient. ’

LHCb-PUB-2022-012
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L H

Dark Matter

LHCC-2018-027

Search for prompt and detached dark photons 10~
10°°
, 106
Model of A": o
* dark force in SM with dark mediator, o 10 5L 300t Do 50 !
* A’ can mix kinematically with SM photon with: 10-9L i
mixing term €2, my, Lo-1oL
€2 is the ratio DM to EM force strength 101 0 —
12 1 .
10 110—3 102 10! 10° 10!
In Run 2: m.y [GeV]
e small luminosity
Upgrade II:

* hardware trigger removed most of possible

A’ = u*u events LHCb can explore significant ranges of

unconstrained A’ parameter space for prompt

. T 2 ,
world best upper limits in (€ myr) space and detached dark photon

AGH-UST KRAKOW ]
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HL runs at LHCb - precisions

Observable Current LHCb LHCb 2025 Belle I Upgrade II  ATLAS & CMS
EW Penguins

Rk (1 < ¢ < 6GeV3e?) 0.044 [6] 0.025 0.036 0.007 -
Ri- (1 < g2 < 6GeV3cY) 0.12 [19] 0.031 0.034 0.009 -
CKM tests

v 1° |5 1.5° 1.5° 0.35° -
sin 23, with B — J/¢ K 0.04 [20] 0.011 0.005 0.003 —
b, with BY — J /¢ 32 mrad [21] 14 mrad — 4 mrad 22 mrad
¢s, with B — DF D7 170 mrad [23] 35 mrad - 9 mrad —
%%, with BY — ¢¢ 154 mrad g 39 mrad - 11 mrad Under study
as, 33 x 107 |26, 10 x 1074 — 3 x 107 —
|Vin| /| V| 6% [27] 3% 1% 1% =
B),B"—ptp”

B(B” = ptp~)/B(BY — ptp”) 69% [4]28] 41% - 1% 21% [29]
TBOsptp- 14% 2—8_ 8% - 2% -
Sy — — — 0.2 —
b — cf~p; LUV studies

R(D*) 0.026 % 0.007 0.005 0.002 -
R(J/v) 0.24 [32] 0.07 — 0.02 —
Charm

AAcp(KK — o) 29 x 1072 |7, 13x 107 54x107* 33x107° —
Ap (=~ zsin¢) 11 x 1075 [33] 5x107° 35x 107 1.2x107° —
Az (D" =Kdrtr™) 18 x 107° [34] 6.3 x 1072 - 1.6 x107° —
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Detector requirements for LHCb Upgrade Il

AIM: the same performance as in Run 2 but with pile-up ~42!

LHCb Run 2 performance breaks down at Upgrade Il luminosity:
* tracking efficiency is reduced
* ghost rate has increased D)
* PV reconstruction has low efficiency o

New tracker concept
* radiation hardness ®,, > n X 10%(sensors) and > 1 Grad (electronics)

* space resolution: (10 um)

* time resolution < 100 ps per pixel
* data rates >n XTb/s must be handled o s - =
Run3  LS3 | Run4
____________ -
New PID system
* TORCH for low momentum hadrons
NeW ECAL iy el Instalﬂ;tion

* requires granularity and timing

A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW
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LHCb Upgrade Il

. . . . time-of-flight
LHCb is moving to luminosity 1.5 X 103* cm2s! with detectors in BT "};‘?NO P'IQD : - :

33 2l magnet, _ g P timing calorimeter,
the same performance as for 2 X 10°~ cm™s low-p tracking pixel detector improved resolution

Sidq View Tungstcn

[agnet & NeuEgAL

nonet Stations  geifi TORGA Shielding
R RICH?2

Scintillating Fibre (SciFi) will be
replaced for Upgrade Il

New tracking system:
* MightyTracker

N

* Magnet stations
New PID:

* New RICH

* TORCH

Phase-II Upgrade

Redesigned Vertex Locator:

e crucial to the success of Upgrade Il Calorimetry
. . . . RICH with timing,
* without the precision in IP and PV no flavour « radiation ~1MGy (inner region)
physics  large combinatoric background from r°

BEACH2022 A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW




Vertex reconstruction for LHCb Upgrade |l

L H

Essential for flavour physics

 primary vertex (PV) reconstruction, correct

LHC Performance Workshop 2022
association with B decay vertex

¢ |
K ... final state
‘%‘ hadrons and leptons
.". m
 decay time and impact o

—— = PR St
parameter resolutions

Typical signal candidate

Underlying event

Upgrade | — pileup ~6

. Y (mm)

W= —=NwW
[=l=lalale]e]=]

BEACH2022
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Vertex reconstruction for LHCb Upgrade |l

PV will have a spread in time of about 180 ps.
In slices of 20-30 ps, only a few collisions and corresponding tracks

. 42 interactions Time [ps]
— —— J 500
e i
E 0
> | O
: Rt s LT L B TR SR -500
_25 - P N Jir L ! o AR - %,
2120 0 120
2 [mm] -1000
20 ps time window :
Time [ps]
2.5 7
II ;,.r /// '
—_— A —
= —— 5
E 0 Y |
< I\ 0
\\\\__\\\\ .
\ ‘\\\ '5
_ L\ X -10
%5120 0 120
z [mm] -15

Baseline (end)

0.6 3.0
o 2.9
[%2]
Q
o, beamspot 2.0 e
E
[22]
1.5 €
()
>
1.0 o
=
0.5
0.0

-20 -15 -10 -5 0 5 10 15 20
z [cm]
R. Bates http://indico.hep.manchester.ac.uk/ event/NewDimensions2017

A new dimension will be added to the LHCb experiment.
Tracking detectors must be fast with common time information.

Innovative technology for detector and data processing.
Develop a novel tracking devices both for tracking and timing

BEACH2022 A.OBtAKOWSKA-MUCHA
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LHCb Upgrade Il: tracking

Mighty Tracker SciFj

e Silicon inner and middle tracker regions: i il
- Monolithic Active Pixel Sensors ¢ = 3 x 10 ng,/cm? |
* Scintillating fibers in the outer region

Mighty Tracker

Magnet stations

* low momentum tracker (down to
150 MeV)

* increase in charm events with
slow pion

BEACH2022 A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW 15




LHCb Upgrade Il — PID

RICH s

gate 1

Photon arrival can be predicted to better than 10 ps
need of time estimate from tracking
* reduction of background

* improving Cherenkov angle resolution to 0.1-0.2 / : >
Photons track 1 Pho‘t-ons track 2 __, X
mrad Time
= - lg = v v ®_4 L T =
, =0.45 rad Pt o E
TORCH - 2 oE ¥ T, E
S 08F e =
= = e 3
Time of internally Reflected Cherenkov light: T 0TE L kekalL=0 Pl E
. . 0.6F . R S
* 1 cm crystal and large area time-of-flight osE oKTEALL>S -, e
detector 0'4 g_ e 1=K ALL >0 4:—4}4;
’ g on—=K ALL =5 +++ 3
* measurement of Cherenkov angle, path length 03 T oo
. . ~ B Tl . _:"__(:,_—.J— 3
and time of arrival %*1; Prefiminary (To) et E
. . dE - = E
* provide PID in low momentum range 1-10 GeV/c Radiator Plate N S, N R
0 5 10 15 20
momentum [GeV/c]
BEACH2022 A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW 16




Challenge: radiation

LHCb Simulation Si 1 MeV neutron equivalence fluence [cm’szb’1]
le+14

LHCb Run 3: ®,, = 1 x 10'® cm neq
Hi-Lumi LHC: @, ~ n x 10'® — 107 cm™ neq, 300 fb,
FCC-hh @, ~ 1 x 10'® cm neq, TID 300 MGy,

1e+13

le+12

r[em]

Te+11

LHCb VELO Upgrade II: . S - ————— fe+10
Prnaxeq = 5 % 101 cm™ with huge fluence spread over the sensor,

full 4D tracking desired.

Pythia 8.2

1 fb! ys=14 TeV

Z=
— 12cm
— 10cm
— 40cm

— 70cm

IP measurement is the best if the first station is close to the IP.

Problem of material budget:
current VELO is separated from primary vacuum by a thin foil, can :
a thin tube be used instead? S TS

102 -

AGH-UST KRAKOW 17
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L H

LHCb VELO Upgrade Il

CERN-LHCb-PUB-2022-001

VELO: maintain performance at ~7.5 times occupancy and 6 x radiation damage

* Sensors can be retreated to 12.5 mm from the beam (but we do not want to do that),

- pixel pitch should be reduced from 55 to 41 um,

- material in RF foil and first detection layer is drastically reduced
e to date no single sensor technology has been shown to survive the required life time fluence
* bi- or annual replacement could be an option

90 p—————T——————

p—

— E — T . T ™ T - -
£ - . . E zo 1 5 :
=, 80 = —— 150um density LHCb simulation E 2 0.08 .g 0.95
. T0E . = = oy 2 e 3
A g —=— No foil 3 = 0.96 & I = 09k J—— 3
B OF E 0.94 & = o RS e ]
50 e E = E 085K =
g e T 0.92 £ = 5 - 3
40 ;_ '_._:_’_;—0—1'_'_"_‘_:_.:: 0.0 f— . —f 7 0.8 : — Ul -no t%me, fo?l E
10E '—F'_._:—s—!_'_"_._:_._' 3 - + U-I 3D Tracking ] “E - U2 - no time, foil ]
E e E 0.88 - + U-II 3D Tracking E o7sHE e U2-S0ps.foil
20 o = 0.86 & -|- U-II 4D Tracking — H =n=u= J2 - no time, no foil 3
e e o
0t 0.82 F = i L L ]
- E .65
! : 1/ptrue [che‘S'] 0.8 E . | ' | = 06 0 0.05 0.1 0.15
CERN-LHCb_PUB.2022.001 Py le 0 1 2 3 4 5 Background retention
i e pr [GeV/(]
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LHCb VELO Upgrade Il — physics @ 4D

VELO: maintain performance at ~7.5 times occupancy and 6 x radiation damage

no time information 20 ps timing

S 012F o . = g 012f T | =
2 - LHCD simulation : } Upgradel 1 Z - LHCb simulation i ¢ Upgrade I -
= 0.1 ] ; -] = 0.1 2 -
E - s | |Upgradedr g - .
£ 0.08— -] = 0.08 -]
7] B 7 o r .
L 0.06 ] L 006 -]
31 L ] [+ B i
= L ] = L i
2 0.041 - S 0.04F ]
= - . = r .
< B ] k= C ]
“0.02F — “ .02 —
0 1 ..__._.._...__...__...._._ __...___

1900 2000 2100 1900 2100
m(K'K'") [MeV/c?] m(K'K'n") [MeV/c?]

CERN-LHCb-PUB-2022-001
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4D tracking detectors RD50
Redesigning of the trackers: time resolution depends on:
 additional timing layers * noise (jitter)
e 4D structures (LHCb) * time walk (fluctuation in amount of deposit charge, electric field,

_ _ o Landau fluctuations in signal shape — hit position
Interexperiment projects within RD50:

* LGADS

e 3D sensors

A

radiation ﬂuenNce [10%° cm™]
o

4 s N
g |/ -
< 5— Stand
et 3 ard
hybrid
LGADs
/ >
~50X50 }.lmz — G. KRAMBERGER, ECFA DETECTOR R&D ROADMAP SYMPOSIUM
VELO Upgrade Il options: 3D, LGADS,
mix in inner and outer areas

Time resolution [ps]

I
~100 ps
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Conclusions

1. The Run 3 LHCb physic program will be reinforced by higher statistic and
modernisation of the detector.

2. LHCb shows potential for flavour measurements with high-luminosity LHC runs with
unique results on:

CKM matrix parameters (expected precision of y 0.35°),

LFV and rare decays in muon, electron modes and full range of b hadrons,
CP violation in charm with 10~ precision,

dark matter and effects of physics beyond the Standard Model,

prospects for heavy-ion and fixed-targed physics.

3. New tracking and vertexing system with radiation-hard with timing possibility is a
reasonable option.

4. Two technologies: 3D pixels or LGADs are proposed for a new VELO.

BEACH2022
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Backup
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Sensitivity to key observables in flavour physics

£33.0 % 107 £5.4 =48 £2B.0% W05 LHCb
Cumrent
B H
+1.5 +35.0% 10— —
[ — ] ETLA S S
|
+£10.0 % 10~ +1.5 14 #4.3w 10°F LHh
| ] ] | |
2025
+22
|
£3.0 % 1074 *£0.35 4 #1.0x 107%
] | | .
5 L]
dg vi®] s [mrad) Ar HL-LHC
+10.0 +25 £U() LHCb
Curment
Ao B
+3.6 +101.50 —
| | . A%‘EHS
£2.2 =072 34 LHh

2025

2L
I
+=0.70 +=0.20 =10
- | I
% }Had - —I
Ry [%] R(D™) [%] B (%) —_—
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L H

Exclusively @LHCb U2

LHCC-2018-027

— — — x10~
Rare decays: B(sy = u*u~, Bsy > e¥e”, By = 17T P e B
= 06E LHCb measurement Runl+1 4fb*
. . . 1 E LHCb @ 50fb”
* main systematics of Run 1-2 due to f./f, , improved after Run 3 = O5F 3
-1 + ., — 0 % 0'4;_ _;
* at300fbt: og(B; » u u=)~1.8 %, 0af E
* key measurement to understand NP contribution to C;, 02¢ E
t ‘ . 0.1F = —;
b \/}/'/ s b ) 14 0.3 — Eggbagi iAiAguTclasummmts 056 L 2| o 21 A é . ixlO’Q
N €510 02 e o e i BF(B, — 1'10)
| NP _ N I LHCb B" — K*ee projection 50/fb
) 14 014 LHCb B° — K*ee projection 300/fb —
. Sensitivity to the difference between muon and electron mode
' ; &) i contributions to the vector, Cq, and axial-vector, C,,, Wilson coeff.
: : = 001 W ———
T g é : | 0 Current LHCb Data —
H Hl Projection for the SM
—0.14 . ProJlect?on for a vector-axial-vector N.P co.zlt;ribution
Lepton Flavour Universality: BY - K*°ttu~, Bt - [ contoon o e et P <o ]
+1+7]—- p+ +,+,,— 021 o | : i
K l l ’ B - K e I'l flavio viso \ll"""-.‘ : G i ///‘ E
0.3 . —— . . < | y :
~03 02 01 00 01 02 03 | y P
Difference between b —» su*u~and b - sete” is Re(c7) y— | @
a sign of NP . py | ]
) — = -1 1
* new modes in LHCB Upgrade Il ACo
* 1%-level uncertainties expected, enough to establish or reject LFV see also Marcin Chrzaszcz's talk
BEACH2022 A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW 24




Methods of 4D tracking

Timing at each point along the track /

e use only points with time stamps

* algorithms may be faster even in very dense environments % Y % N % B
x x CMS 78 vertices reconstructed
*
Timing
®
e X . *

BEACH2022 A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW



Methods of 4D reconstruction

Timing in the event reconstruction: Timing at the trigger level:
* disentanglement of overlapping events by means * disentanglement of topologies that look similar but
of an extra dimension actually are different
y

Jet

P p
—
Z Missing
Longitudinal view
Jet
Jet
3-Jet event? 2-Jet and Missing Et event

w3

Transverse view

Adding time information to the event changes
radically the design of experiments

BEACH2022 A.OBtAKOWSKA-MUCHA AGH-UST KRAKOW 26




Sensors designes

3D detectors for timing applications:

sensor sustain ®,, > 1017 cm?,

short collection times

rather thin sensor, otherwise of large noise and
jitter

small fill factor - very complicated production,
limited efficiency and position resolution

novel materials?

LGADs (planar sensors with gain):

seem to be ideal solution to reach excellent resolution,
main limitation — radiation hardness up to ®,, < 3 X
101> cm

many attempts to design a more radiation hard gain
layer
small fill factor

=
Q n" wme P* n*
& ‘9. o—" A 6000 T T T T T T T T T T T
w
2 s s000{| W 1e17| Q= 21.k-V- @b
N -9
o ° 4000+
g 0“ A '5' FBK 5ensors ® FBK UFSD3 PreRad
N e - 3000 » EBK UFSD3 8£14
)
% e [@)] . . « FBK UFSD3 1.5E15
§ +«—® E 2000 . A FBK UFSD3 3£15
o g |0l ey R
= - O 1000 ) R
l./’- h ' . A
SN N— o
g { ‘_’ 0 - - - A
s L . l°
Voltage [V] 5 et .
n a 4 |
0 L
0 200 400 600 800
Bias [V]
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