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yics Outline

~LHCb upgrades
= Upgrade | (2019-2021)

+ Pixel Vertex Locator
+Upstream Tracker

- Upgrade |b (2025-27)
and Il (2031)

~Prospects for charged Lepton Universality
Violation (LUV) at LHCb
= Features of current b — ¢t measurements at LHCb

= Possible precision on L£(X,)
= Measuring kinematic distributions
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i The LHCb experiment
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| imitations of LHCb

-
o
N

LHCb Integrated Recorded Luminosity in pp, 2010-2018

LHC Fill 2651

2018 (6.5 TeV): 2.19 /fb

~ Have been

2017 (6.5+42.51 TeV): 1.71 /b + 0.10 /fb

2016 (6.5 TeV): 1.67 /b

2015 (6.5 TeV): 0.33 /b

2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /fb

ATLAS 8 G luminosity leveling

2010 (3.5 TeV): 0.04 /b

Instantaneous Luminosity [10%2 cm2 s°1]

10 since 2011 = T R Y = 47 A
- Data Sample ||m|ted to g 1;_ ......................................................................................
LHCb S osf
I 1-2 fb'1/year 2 0sb
"0 'é""110""1|5""20 E%;
Fill duration [h] Month of year
.*’é\ 3 LHCb Trigger
;25— BT
° ° ° . . . < A Oy
~ Limitations for higher luminosity of 2011-2018 detector 3: '
= Low efficiency for hadronic decays at higher lumi due to hardware trigger &'
= Overall performance degrades quickly for high occupancy - T~  Hadronic
= Radiation hardness of trackers 05K

1 II'|.5H 2 25 3 35 4 45 5
Luminosity (x 10%?cm™?%s™1)
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,~SiPMs and Front-end electronics

fibre matw\ ‘ -
IR - >~

Mirror
(increase light yield)

4 planes x 3 stations
2 x 4 x fibre mats




Upgrade |

Upgrade I

LS2 Run 3

2015 2016 2017 201812019 2020 2021]2022 2023 2024

Run 1 L.S1 Run 2

2010 2011 201212013 2014

-
Runs 1 and 2
40 MHz LO 1.1 MHz 12.5 kHz (0.6 GB/s)
—

pp BEIOWENEY Detector Events on disk

| collisions readout

Magnet

Tracker |

Upgrade I (being installed)

40 MHz

PP Detector
collisions readout

All electronics upgraded to send every hit to
flexible software trigger

Increase granularity and longevity of 3 new trackers

New RICH optics, lower PMT gain in CALO

Manuel Franco Sevilla

Vertex )
Locator

100 kHz (2-5 GB/s)

LS3

Calorimeters

HCAL N
ECAL

Events on disk

s .

VELO

|

IT+OT

Silicon strips  Silicon strips

Pixel VEL.O
Silicon pixels

SciFi
Scintillating fibers

Silicon strips

LHCb upgrades and prospects for charged Lepton Universality Violation

Silicon strips + straw tubes

Run 4
2025 2026 2027 2028 2029 2030

Muon stations
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Pixel VELO overview

- ~ In vacuum as close to IP as possible

acceptance

= Crucial for vertexing and tracking

VELO Pixel VELO
Years of operation 2010 -2018 | 2022 - 2030
Sensors 173k R-¢ 41M pixels
Number of layers 23 26
Distance from IP 8.2 mm 5.1 mm
(UL Fluencemax [1 MeV neqg cm-2] IR0 8x 1015
| e | HV Tolerance 500 V 1000 V
w088 sactionat y=0 e omesd ASIC Readout 1 MHz Data driven
‘ ‘ HHHH E Data Rate ~150 Gb/s 2.8 Th/s
i I T - 08I | ~1.6 kW
Posbgiodl s oot Operating temp. -8°C -25°C
v O crAe URY By @_\ vikTher
6 em
VeLOuly s & LViRPOOL [T I i orior llI“H ARk

AGH TTTTTTTTTTTTTTTTTTTTTT
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Pixel VELO overview
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New RF foil

VELO sensor

~ RF foil separates beam/VELO vacua and
shields electronics

RF foil

L.HCDb simulation

~ Largest contributor to material budget
RF box

cooling
conn.

other

~ Initial proposal to reduce thickness from
300 to 250 pm

= Decided last year to chemically etch it to 150 pm!

hybrids
ASICs

: Sensors
RF foil

~ RF now milled and etched

= Extensive metrology campaign

cooling

substrate
Total material: 25.01%X

Milled tfrom
Aluminum

block
Beautiful
video

LHCb upgrades and prospects for charged Lepton Universality Violation
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Sensors and ASICs

~43 mm

L AS|C

(veloPix)

ASI|C

(VeloPix)

ASI|C

(veloPix)

Manuel Franco Sevilla

~ 200 um-thick silicon sensor

= n-in-p built by HPK
+ Lifetime fluence of 8x1015 1 MeV ny/cm2, 400 Mrad

= /68%x256 pixels, each 55%X55 pm?

~ Three VeloPix ASICs per sensor (tile)

= Thinned to 200 pm, 130 nm CMOS technology
= Each bump-bonded to 256x256 pixels
= 400 Mrad and SEU tolerant

- Readout of every hit
+ 800 Mhits/s = 50 khits/s/pixel

= Up to four output lines at 5.12 Gbps each

= Power consumption < 2 W
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Lk Readout electronics

~ ASICs wirebonded to FE hybrids

= 20 data links at 5.12 Gbps
+ Up to 4 links/ASIC on innermost ASICs

Microchannel substrate

Sensors & ASICs

—

Front-end hybrids

~ GBTx hybrids deserialize control signals

= |ssue with GBTx relocking at -20°C, but charge-pump current increase fixes it

~ OPB outside vacuum and high radiation zone
Carbon-fiber legs = FEASTMP DC/DC converters, 10 VT Tx and 3 VTRx

GBTx hybrid

Y 4 ¥ =)
Data Ca bIeS 'i‘ /4 ‘_'."o;, » & .
n .~ ‘}.
lv:' R > ; :
1
AT eIt
|

m : 4 M‘ l ,/
» y = L\ Ty S— - — - — i - — p
s . T 10 . \ > b - e /- — Y 'thn
. - - /

. | e it The
Cooling pipe clamp 5 ) ﬁ P
a g . —— ) | P < ' )
= ==d High Speed Data Tapes ||
| * l —— ' : il
Am
s Cooling pipes )
i | o

Proton Beam

Aluminum foot o e
e N Viodule
S S Vacuum pPEATRREEY
e B B Feedthrough -- Y= =
Tsensor 20 C fOl’ lOIlgeVlty S S L N\ l‘
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Micro-channel cooling

11.37 cm

11.65 cm

ASIC on front

: ~ 4 tiles (12 ASICs) on each module

~ Cooled by evaporative CO; in
micro-channels

= Etched in 500 pm-thick silicon
T = Excellent thermal efficiency

= No thermal expansion mismatch with

Flow .
silicon ASICs/sensors

Increase in cross section between the restriction
and the main channels triggers the boiling

Manuel Franco Sevilla

LHCb upgrades and prospects for charged Lepton Universality Violation

Minimal material
budget!

Micro-channels L.HCDb simulation

cooling
CONI. RF box

other
hybrids

SENSsors

cooling

substrate
Total material: 25.01%X

[LHCb simulation

ASICs
SENsors

RF foil

cooling

substrate
Total material: 31.03%X ,
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https://indico.cern.ch/event/590227/contributions/2613957/attachments/1487154/2310012/VELO_Microchannels.mp4

e Cooling integration and performance

CO: pipes soldered to ~ ASICs glued to micro-channels
metallization on micro-channels
Leak tight, keep planarity, = [nnermost sensors have 5 mm
pressure up to 186 bar overhang :

| T

<+——>

~ Demonstrated power
dissipation up to 30 W with

200 pm

>

Main microchannels: 200 x 120 pm

£
small AT on the sensor 3] ® ®© ® ® & ® & &
= Even by end of lite (27 W), Tsensor v _
well below -20°C —— %

390

Sensor

Hybrid not to scale

COz at -32°C and 0.3 g/s flow

5 o T T T T ]

5 = 7L @ NTC... - - Long R&D campaign

13 2. 06p @ - Asic O - proved great

- ~ o @ Asic T robustness, quality,

<4 ~ O TAsIic 2 and f f
] I ey N = performance o
2L the substrate, micro-
(1) e . ; ; channel production
0 5 10 15 20 25 finalized

Module Power [W]
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UT overview

e il ~ Placed between VELO and dipole magnet

= Crucial for triggering and long-lived particle reconstruction

~ 4 layers of silicon strips with same

arrangementas 11
- Vertical/stereo layers provide x-y position

T

~ Improved performance

- ~| UTbX Y = 40 MHz readout
UTbV zg . .
X = Finer granularity

UtaU UTax + Close to the beam 187.5 pm pitch = 93.5 pm u”“JJ aj
! - Larger coverage (closer to beampipe) AGH Aiu

= Reduced material budget

INFN @"A'ams

1719 mm

b 1Y 28 & a0 2 2o B 10 2.0 2
z “

R ’}_ NS L) B 4778 PY 0 T
REL e g Institute o f High Energy Physics Chinese Academy of Sciences

()]

()]

(o]

3

3
1338 mm

1528 mm
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Silicon sensors

Pitch Length # sensors [ Optimization with 4 designs
= Quter region with p-in-n, 187.5 pym pitch

+ Cost effective

E— R — :?‘ _ R _ _
(w]-) foy=) ; » : 2
l : _ ‘ 60.68 micron :

™

H | 000008 ‘ol 0 lie o ilololie
1388 1208.68 micron

~ | | Embedded
. | pitch adapters

= |Inner region with n-in-p, 93.5 pm pitch
+ Radiation-hard and good granularity

— 1024 strips
Type B

1024 strips Circular cutout
Type & near the

1024 strips beamline

Type D —— 1 -
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@ SALT: Silicon ASIC for LHCb Tracking

. e A | s e s e e e e e e e e e B e s B B e B
~ 4192 ASICs with 128 channels each oo -
= 130 nm-TSMC with 30 MRad radiation tolerance .E:s;_ E
o L 10— :: arge coupling in first desi ns‘i —
~ Wire-bonded to sensors = Jmeowmen T e =
c — Time + Offset [ns]  —]
= Input pitch 80um B C E
-

~ Allow for 40 MHz readout of UT °

Much reduced now

oy
D

IIII|IIII

= Up to 5 SLVS e-links @ 320 Mbps A -
| A T a0 e e q00 - 120 140 160 180 200
m“””'lﬂm “" Time + Offset [ns]
R s: ﬁ”llmmflﬁw1“\““’ .
£ ,“’fl-')llisll.".‘lﬂ 1tr rrrrwu bt e — —0

L' zw 2 I Pl o ¥ 3
' M”umnm -mmm STl P

99.5% efficiency

00

After a bumpy road
and a few iterations,

-o-

performance is now
more than
satisfactory!

- ———

-e-Signal (Landau MPV)

Peak of Landau fit (MPV)

1\11

o AN 2 T 0 100 200 300 400 500 600
Vs b TP /| .,.nmﬂmnnmnnn“ 1 bbb |

Bias voltage (V)
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~ Modules (hybrids + wirebonded ASICs + sensors)
and flex cables are mounted onto a stave

= Low-mass support of 1.6 m x 10 cm

= Overlap between sensors on the front and back

p— N

Bl . B = [ntegrated titanium pipe for CO; cooling

HIIL’IEI{IHIIIHHIJHIlHHHI!Hluk;ei;

S

i

Heat TIM, place module, Another module

overnight curing on the stave!

Flex cable
Hybrid + ASICs
Sensor

Stencil
application of
TIM, epoxy,
silicone pedestal
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~ A flexible pigtail cable connects the stave to PEPI
~ Backplane distributes balanced load to DCBs

~ DCBs optically send data to LHCb DAQ
= Bandwidth: 248 DCBs x 3 VI Tx/DCB x 2 links/VTTx x 4.8 Gb/s = 7.1 Tb/s

= Also control system via VTRx 7
|

Each DCB (Data Control Board) has = =

7 GBTx (rad-hard serdes ASIC), 5 A Weiadpae

3 VT Tx (twin optical transmitter), P g Tl [ Loy e
and 1 VTRx (optical TX/RX)

’ 74 -
o 74 -
p J/;r;" - ;ooaﬁgﬁalo% s}?.;'""" >
CEER R
NIVIY 82asn-00 i »
oy " ST

@I @® 0 8| Due to space constraints,

Pigtail connectors NNENREINNEQE | backplane ended up being an
LR DU R Rl (SENNRREREENUEREIEE| ultra-dense board with 28 layers
Uit B Pa e et e = s Bl at the limit of manufacturability
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UT Integration

PEPI cooled by water, boxes sit
directly on top and below staves

-

]

T -
-

.
\
.
- v = =
a_— | ’ A iy
A\ y A
4 W
W /

N7 — . L
1Y AN :
e —— — k- N\

¢ R oy . <
- Y J I ™ Ry
v P - v . - C—

A

o4 [
et

S
\ vl

| Service
Bays

, %

> ¢ ! ) i ¢ g | ]
— 4 - — | L ‘13 . Nt |
- e = ' !
; ) F AN e » J— ” |

LV and HV regulation
at the service bays
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Magnet

Manuel Franco Sevilla

D 4 planes x 3 stations

! ‘\—-ll‘i«)n»

-

[

XU VX

2x2.4m

SiPMs and Front-end electronics

fibre mat

Mirror
(increase light yield)

2x3m

IRead-out

2 x 4 x fibre mats

/

~ 12 layers of scintillating fibers

= Readout with SiPMs
= Fibers 250 pm, 80 um resolution with CoM fit

~ Replace straw tubes and silicon Outer Tracker

= Slow drift time of tubes limit occupancy

mean position

signal
amplitude
pOS
>
/'7. \
pixél \ channel
< ' \ ““fired pixel
\ ;\lphoton

)

A

fibre

vparticle
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The best LHCb yet

Speed-up makes SW trigger possible

—100 — T T T T ] Q
~ Not only able to withstand 50 fb-1 S0 vucs smution -
= 50, :
and 40 MHz readout, but also £ 70f .
S 60F
- Better 3D impact parameter resolution = 50F
+ Translates to improvements of 10-15% in the B decay & #0F . CurentVELO
time resolution ": " Upgraded VELO
. 20 =4 Relative population of __
- Better pT I‘eSO|utI0n 10;_ b-hadron daughter tracks _;
0 1 [ I TR T T S N s S S m—
= Dramatic reduction of ghost rate ’ 1 1/p2T Gev-le]
B* — atK'K"
SW tri flexible — if s Upgrade;
~ trigger very tlexible = iryou g bt | Up to2x &
: : o6f i 1| higher
can reconstruct it offline, you can b i Run1 W efficiency
tri er on Itl T ‘ ............. ’
99 o 0.2} : LHCb -
= \Will open up possibilities not yet thought of | . Simulation ;
% 20 a0 60 80 100
TOPO Rate [kHzZ]

Manuel Franco Sevilla

LHCb upgrades and prospects for charged Lepton Universality Violation

I .
0.9F E
0.8 ‘+‘ current —e——
0.7 —— =
0.6 ‘+‘ upgrade e E
0.5F —— I
04 . —— ; — T
0.3F —— e =
0.2F +_’_ =
01E :f::_°_ LHCb simulation =

| .E . . , | = , | 3

070 5 10

v v #PV
n=11inRun2 p=5.2inRun3

1 B! — ¢[K'’KIWK'K]

0.8} Uoaradel
0.6[ pgra e_: Up to 4%
f ]| higher
04 b :Run 1 | efficiency
0.2 ................ LHCb ............ _
P : Simulation 1
% 20 a0 60 80 100

TOPO Rate [kHz]
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CERN/LHCC 2017-003
&4 1HCh Eol
& Y) 08 February 2017

HPGRADE i

Proposed
Upgrades Ib and I

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

Expression of Interest




sk Upgrades

L) | S —

<+——Goal: 30 tb! ———>»  «——Goal: 250 fb-! ——
Upgrade 1 Upgrade Ib Upgrade 11

Runl | LSI1 Run 2 Run 3 LS3 Run4 |LS4] Run5 |LS5| Run6
2011 2012|2013 2014 | 2015 2016 2017 2018§ 2019 2020 2021 § 2022 2023 2024} 2025 2026 2027 {2028 2029 20302031 2032 2033 2034 {2035 (2036 2037

Runs 1 and 2
40 MHz LO 1.1 MHz 12.5 kHz (0.6 GB/s) .
——— Muon stations
pp pEUCWEIEY Detcctor Events on disk Calonmeters w4
collisions readout - RICH2 o HEARAD

Upgrade I (being installed)

40 MHz 100 kHz (2-5 GB/s)

pp Detector Events on disk
collisions readout

Flexible software trigger and 3 new/better trackers

Upgrades Ib and 11 (proposed)

Even better granularity, improved calorimeter,
and fast timing

Manuel Franco Sevilla LHCb upgrades and prospects for charged Lepton Universality Violation Slide 26



—~ B e L e e
LHCD dipole-magnetimsi | T ==
1 N\~ ,3' i ™ s '

’

Magnet Station

low-momentum tracker 1 el

e

MIGHTY TRACKER

New silicon stations
around beamline for
radiation hardness and

sranularity

UT hit
3 UT & MS
[ UT & SciFi

MAGNET STATIONS

New scintillating fiber stations
on the inside of dipole magnet
Improved low-pr tracking

D* — Dr™*

slow

rh
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10° 10°
Momentum mnt,,,, [MeV/c]

Side View Tungsten

M5
M4
Magnet & NeutErgAL M3 -
Magnet Stations  S¢iFi TORCH  “shielding M2

&Silicon , RICH2
Tracker : :

-
L

BEe 11—

-
il O
O

@?? o i L

Focusing block

Photodetectors

Quartz plate

Mirrored cylindrical surface

~
e
-
-
-
-
-
-
-
-
-
-~
-~
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-
-~
-
<
-
-
-
-
-
-
-~

-

-

~s

~ -
~~o

Mirrored edge

—_C~
-~

250cm

i
-
=~
TN
e
-
-~
-
-

TORCH

PID for pr <10 GeV

Phase-II Upgrade

with 15 ps timing
\ (70 ps per photon for

~30 photons)
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VELO, ECAL upgrades

VELO

— 100 r———————— g
Improved granularity, thinner RF foil, £ gof LHCD simulation 1 Zal
S - 'Std VELO upgrade E -
timing better than 200 ps ¢ ————— B e ; -
90.141 S - .Std + RF foil removed E 600
LHCb VELO - Collision Data £ | Std VELO upgrade 5 0 ‘ N
T O T T T T EOIZ_— Std + RF foil removed S 60F 400 —
% 3();— —i :! l I s:.‘. u; = 01:_ _: 8 505_ B
£ 20F s s . : 2 F -
5 1ok | 1 Boosk : 1 o 40F N
-~ Vi . - . - B
X oF £ 0.06] " - S0F : o[- _
% _10E : [ e ] 20 E== = _ 5 C
o -10F - [ * _ °
5 oF ” | E 0.04¢ : N 1 Ll Vertex separation
g B T"'““ﬂ 0.02} s, oearene . E - : _ with fast timing
.C'/-) ) E ! ::!'!‘!! ~‘ : o : : ke s i O [ | 1 1 1 | 1 1 1 | 1 1 ] | ] ] ] | ] ] ] |
b, X, i G PHITERTERIENGRER L 6y N Al B o——1t v 1.1 . 0 1 2 3
-40 0 2 4 6 8 10
500 0 500 1000 0 2 4 6 1/p_ [GeV'c] IP(mm)
vertex z (mm] Pseudorapidity T
(nO, -o\? 40 I ' 401
§ %) 35 30
C
3 ECAL S 30 .
—_ - @)
Q d —“—
¢ Improved granularity, 5 25 .
o L O 20H, .
5 timing of ~50 ps, = 2Ok, o
4 . . © 15 . - Single plane resolution 20 ps
% pOSSlble ln upgrade Ib ol - R Single plane resolution 50 ps
- 10 . mmmm No timing information
5 s == -""'._-
=200 -100 200 300 0 — =ty e
0 20 40 60
X [cm] Number of incorrect vertices included in window
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8 Physics reach of Upgrade |

¢ o « o : : And many more!
~ Exquisite precision in all kinds of landmark tlavor measurements CERN-LHCC-2018-027

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

0-7 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 0 7
— H — . | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 _]
= 8 : ! Ky e = 5 Y Cr e e
06 EAL : T R 0.6 A - fitter 7
C © sin 23 ! Amy, & Amg - -2 sin 2B : A, & Am, LHCb 3006~ —
[ _g : _ — 8 1 ] Physics case for an LHCb Upgrade I1
0-5 . g 1 - 0_5 — ﬁ : JE— Opportunities in flavour physics,
|5 : —_ — | O I — and beyond, in the HL-LHC era
— o — : @® { : The LHCb collaboration
— 3 - — |3 -
0.4 __%’ ] 0.4 _—3 —]
= - (6 - 1= - B -
03 — — 0.3 — —
0.2 — 0.2 | —
0.1 — 0.1 —
0.0 — 0.0 ] (© 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.
04 0.2 0.0 0.2 0.4 0.6 0.8 1.0 0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 —
P p
a\. 0 .4 | | | | | | | | | | | | | | | | | | | | | | | | L ? 1 OOO ]
~ — _1 . . ] E
o o3 LHCb 300 tb™ simulation E < |
S D E .
__ ] X
59 O 2 : _ g\ 100 1 + ° 3
3 - . - g ., | : :
= 0.1 = < Y-m--- e
T) _] ~— | X °
o p— - 45 ; v
g 0.1 - = ]| x BY—=D;D} y
.20 = - + BY— J/YKTK™ high mass o
7 02 ~ —] 1_ v BY— J/lurn I
N 7] x BY— J/o
03 — o B allces
= | | | | 1:_ -—- ¢, central value [CKMFitter Summer 2016]
_O .4 L L L L 5 L L L L 10 L L L1 15 L L L L 20 L L L L 25 O 1 | | | |
0 . . 5] 23 950 300
B" decay time [ps

Integrated Luminosity [fb™!]
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https://cds.cern.ch/record/2636441?ln=en

Prospects for

charged LUV
at LHCb

Originally from BaBar




Fundamental assumption within the SM:

The interactions of all charged leptons (electrons, muons, and taus)
differ only because of their different masses

Charged Higgs/

Lepto-quarks tyus e |

W' bosons - pto=q ]
/ ..DT’ D,M’ De b ,¢"VT’ yﬂ’ Ve

b Ve > LQ .- 7

]
ay

~ By measuring ratios, theoretical/experimental uncertainties greatly cancel

3 - DO ; () 1y

with b — ctv B (B — D®uy )
7

Neutral LUV
9B (B — K(*)e+e—) with b — s€¢

Manuel Franco Sevilla LHCb upgrades and prospects for charged Lepton Universality Violation Slide 31



sk R(D)) measurements

Experiment 7 decay Tag R(D) Ostat | 0] Osyst |70] R(D™) Ostat | /0] Osyst | /0] Pstat / Psyst / Prot
BABAR* vy  Had. | 0.440 4 0.058 4 0.042 13.1 9.6| 0.332+0.024 4 0.018 7.1 5.6| —0.45/—0.07/—0.31
Belle” pry  Semil.| 0.307 4 0.037 4 0.016 12.1 5.2| 0.283 £0.018 £ 0.014 6.4 49| —0.53/—0.51/—0.51
Belle® pvv  Had. | 0.375 4 0.064 & 0.026 17.1 7.1| 0.293 £0.038 £0.015 13.0 52| —0.56/—0.11/— 0.50
Belle“ TV Had. = — ~|0.270 £0.035100%3 13.0  *55%° -

LHCb®

Average® — — 0.340 = 0.027 = 0.013 7.9 3.8/0.295 == 0.011 = 0.008 3.7 2.7/—0.39/— 0.34/— 0.38

0.5;—| —IIBaBellr, PII:{L1I09, 1|O18(I)2 (2'012)| —ILHCIb, PIIRL1I15, 1I118(I)3 (2|o15)l _; . o o . . . K
— —Belle, PRD 92, 072014 (2015) Belle, PRL 118, 211801 (2017) I I S|gn|f|cant deV|at|Qn N %(D( )) 'I:rOm SM
0-455_ —LHCb, PRL 120, 171802 (2018) - Belle, Moriond EW (2019) E
~  04f THRLAVaverage Spring 2019 —SM predictions = = Measurements from BaBar, Belle, and LHCb
- — -
¥ 035 | o — . « e
E — 3 ~Is LHCb systematics limited already?
0.25F } O T = = No! Let's see how
02 0.3 04 05
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s Characterizing an anomaly

()
= EVGI:\ a 90 on %(D ) would not be LHCb has a unique ability to study b — ctv
sufficient to convince ourselves ot NP transitions because bb production at the LHC
=~ Indirect measurement with broad signal distributions hadronizes into all species of b-hadrons
due to multiple v in final state
. . Z(D;")
~ |t will be important to have
= Confirmation of decay rate anomalies by independent B! Q?
experiments S
= Confirmation of decay rate anomalies in different decays
= Characterization of anomalies in kinematic distributions R(AL)
. "B Dw b b
o s ¢ Ak
g2 1s the invariant mass & %"f d

of the tv system 0.1

—SM
—tp/m, =0.3 GeV"

, _ -1

MFS "Evidence for an excess of tp/my =0.5 GeV_l
B — D™t decays" Dissertation, i —tp/my = 1.0 GeV

Stanford University (2012) Obe— . . . . . .1

0.05}
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e Measuring Z(D") in B-factories

~ Reconstruct full event with B-tagging

- UV
vV, £ 11/7-

I . Reconstructed particles
N\ 7, Pl

B Same visible final state

SR
K+ KO s *%» for S|gn_a|/nor_ma|_|zat|on
- when 7~ - £7v_U, used

Xc
2 2
Miss — (pe+e— - meg — Pp® — pz,”)
bz
Normalization (1 neutrino) fea m u o
B o D fl/ .. o =
HEN-
H H ==
H H N
2
mmiss
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+,— + -
ere _)BtagBSIg

B-factorv advantages

Lower backgrounds

Colliston momentum known

Neutrals and electron reco

LHCDb advantages
Higher statistics

All b-hadron species

Larger boost
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~ Superb vertexing by VELO (in vacuum)
= Only 8.2 mm from IP, 300 um of material

= Reduced to 5.1 mm from IP, 150 pm of material in upgrade

~ B mesons fly several cm thanks to large boost

~ Developed isolation BDT for &£ (D*) measurement

= Assign probability of track coming from B vertex

= [PX2py, IPX2g, pr, track angle, refitted B vertex with track
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e Rest Frame Approximation (RFA) for muonic 1

. Data BaBar; Phys. Rev. D 88,

. . . . : @ mB — Drv | 072012 2013)
~ B-factories effectively reconstruct p; with B-tagging " ! = D
oS B :D**\(’l/t)v —:

1000

= DB, = Peve- — PB allows you calculate p, ... = Pp,, — Pp» ~ P¢

tag

~ LHCb estimates py with RFA soF

, , 100}
= Good approximation thanks to large X}, boost :
50+
mB 22
‘pB ‘ — Pux \/1 + tanza Phys. Rev. Lett. 115, 111803 (2015)
Sig m HAc i2 —~ 4000F L e e e
,MXC < g i > 92> 9.35 GeV~ LHCD 1
Z‘ (8 —— Data . -
DT B g 00 4__ LHCb Simulation 2 3000__ = E : %LF(% X)X N
[ — A . Nl i Bl B — D*lv ] .
y BT, U'M g ] ~2 8% ; i - CB)oTntl)Di;l;}t/orial : Sufﬁ(:lent .
7 X _T _ > g q //t ] FWHM and ‘g 2000: . Mi _ SCP al‘a}tllo? %f
D Th _yEr 0.02 long tail 3 1 enotgh stats
_— )¢ *\ 1000f
p C
0 e o o L o L 1 B , T Wi e sk L ;;ﬁ;;;,'.-_:
04 02 02 04 06 08 1 0 2 4 6 8 10

q? resolution m2. [GeV?]
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[/
THCD

Phys. Rev. Lett. 115,

Muonic Z(D" )

220

111803 (2015) o 2
3w ~ Proof of concept measurement in 2015
—— Data Vo . .
B B - D' o 140 = Not clear it possible beforehand!
B B — D*H,(— X)X ¢ 120
B B — D*'lv @ 100
B B — D'y = 80
s 3 | SRS,
“ " ~ 3D simultaneous fit to ¢*, m,.., and Ej
0
O T assce LHCD - 3 %
: B (B - D*rv_
3,000

2,000 |

1,000 |

Events/(0.3 GeV?2)
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. K
e Muonic Z(D ™) control samples

Phys Rev. Lett. 115, XI.O?. I I ° I d . bk
111803 (2015) ~ 20 ~ Control samples instrumental to determine bkgs.
S 200 -
S - Additional K: B — D*H X
—«— Data Vo
B B — D*wv o 140 - 4 : sk ok sk
B B — D™y @ 100 "
BN E — D'y = 0 = Additional mn: B - D** ( — D*znn) (v
Combinatorial LE 60
Misidentified u 40
20 ~ 150 935<q*<1260GeV*c*  LHCbI o~ F  935<q®<1260GeV¥c*  LHCb 3
0 > I ] E 200E" o E
g 100F- } - o 150 Addl}ttlonal E
- | . ~ [ _
Z 1 2 1005 .
g sob — 5 - -
Q>) B B > 50__ —
4000 ML S L LR BN BN R R 4000_||||_ = B : - _i E
. ’ i g>>9.35Gev2  LHCb 1 /:>-\ ’ - q° > 9.35 GeV? LHCD - » 2:_ o 2 2:: =
Z 3,000 1 & ] SR =~ =
8 ’ - e ~ 3000~ 935<q < 12 .60 GeW/c LHCb—]
i : S S 1500 ‘I _pma O
= 2,000 ¢ 2 en v 2000[~ B B — D*H (= WX)X
*é [ E S, 1000 = - B B - D'lv .
. @ & _ B — D*uv i
2 1,000 5 £ = 1000 o Combmatoral =
[ : 0 =z 2 Misidentified -
O 05 1 15 2 25 E '% E T P P T .:':Z'::'::':E
E* [GeV] - 500071000 1500 2000 2500

E ;“ [GeV]
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sk Muonic Z(D" ") systematics

FastSim gives a factor of 10x, which only covers Run 2

C.ontrlbutlon . Uncert. [70) Hopefully will scale with data, but 1t will require faster FastSim,
Simulated sample size 0.2  faster hardware progress, or more restrictive generator cuts
Misidentified u bkg. 4.3 Data driven procedure developed for &£ (J/¥) will reduce it
By D** (¢~ /77 )¥ bke. 91  toless than 2% in updated measurement
Signal /norm. FFs 1.9 Primarily data driven
Hardware trigger 1.8 Disappears in Run 3 Note that only 30% of the
systematic uncertainty Is
DD bkg. 1.9 Primarily data driven multiplicative, so the
: majority does not scale
MC /data correction 1.2 aith contral value
Combinatorial bkg. 0.9 Primarily data driven
PID 0.9 & ; "
: enerally, systematic uncertainties will come
Total systematic 8.9 down with data, but there will probably be a
Total statistical 8.0 0.5-3% systematics floor from the extrapolations
Total 12.0 to signal region and certain assumptions
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Muonic £ (J/WV)

R (JI¥P) = ~ Very similar strategy to muonic Z(D ™)
- Add decay time to separate B. from B, 4
= Main background is muon misID
—+— Data
Mis-ID bkeg.
J#p comb. bkg. Contribution Uncert. [%]
BC+ — Xc(llj)l v, .
— e LQCD calculation already helps Signal/norm. FF's 17.0
o o o & Hopefully will scale with data 'Simulated sample size 11.3
B — v, : : , _ -
e Will come down with more robust fit Fit model 11.2
fgf;blfeéoﬁg 120 Misidentified p bkg. 7.9
300 = g - Primarily data driven Partial B, bkg. 6.9
& J0E 068 <Ef <115GeV 3 - 1600:—'— 0.68<Ef <1.15GeV :
% 6002— q°>7.15 GeV] E é 1400 q°>7.15 Gew]—; Combinatorial bkg 6.5
é 400§ ioq/ 1238 — :; Csig / €nhorm 0.9
% Zﬁﬁ % o i== E EXpect a larger Total systematic 25.4
A 100 2 e = 1-5% floor from o
=55 0 5 10 5553 i 15 5 measuring FFs Total 34.9
mrzniss [GeV?] decay time [ps]
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ick Hadronic* Z(D"™)

~ Leverages additional vertex when 7~ — JZ'_JZ'_I_JZ'_(]Z'O)I/T is used

= Main background prompt B = D*zznzX reduced by 104 with T flight distance

2

- Better g and m..

resolution thanks to more precise determination of B momentum
Phys. Rev. D 97,

072013 (2018)

T K+ = 100 E | ' | ' | ' | | | ' | — = — T — T T T o
t T {BO — D 1T'v } - o - 0.09 |- o =
T : N LHCDb simulation ] 008 E- LHCb simulation ~18% FWHM =
10° -P“’“;lft (’; R and smaller =
— = Double-charm (D*DX) 3§ @« E . -
V. S — P { £ oosf tails than RFA E
g 2 0.05F —~
s 107 = - € - =
V. % : 1 & 004F E
S} © 0.03F =
10E 0.02 F- =
+ 0.01 - =
jg 1 0 é - ! ! ! ! | ! ! ! s
ff 3 16 20 -1 -0.5 0 0.5 1
JT (quCO_ qtzrue)/qtzrue
x
R (D*) = R(D ) depends on
external branching
fractions
*Actually, the 7~ — #7771, decay is semileptonic Measure this ratio
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Hadronic* Z(D" ™) systematics

z ;5)22: f%%mdd @ : Contribution Uncert. [%)]
= =ity | ~Similarly to previous DD bke. 54
5 150 P - ‘ements. man Simulated sample size 4.9
S 1000 [Em— =
" soof casure ) ents, .y ] MC/data correction 3.7
- systematic uncertainties B — D*({~ /7~ ) bke. 9 7
. are expected to scale Trigger 1.6
down with data PID 1.3
9 Signal /norm. FFs 1.2
~ However, a floor of Combinatorial bkg. 0.7
5k ~3-4% is more likely 7 decay 0.4
¢ [GeV¥ct) due to dependence from Total systematic 9.0
f external branchin BI5 = D) >
S . 9 B(B — D*uv) 2.0
| fraction measurements B(rt — 3mw)/B(r+ — 37700) 0
’ Phys. Rev. D 97, Total external 4.4
0 0 = = aed 072013 (2018) Total statistical 6.5
BDT Total 12.0

*Actually, the t~ — 7772~ 7 v, decay is semileptonic
y T y p
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Muonic vs Hadronic t decay

~ Run 1 measurements show key features of future LHCb LUV possibilities

= Dominated by systematics, but will scale with data for the most part

Note that the majority of the uncertainty
does not scale with central value

Muonic R(D*T) Uncert. [%)] Muonic R(J/¥) Uncert. [%)] Hadronic R(D**)  Uncert. [%] DX — .
Total systematic 8.9 Total systematic 25.4 Total systematic 9.0 ( c) PI’@CISIOH with
Total statistical 8.0 Total statistical 23.9 Total external 4.4 hadronic decays of ©

Total 12.0 Total 34.9 Total statistical 6.5 may be IImited by
Total 12.0 external measurements

Systematics floor probably 0.5-3% Systematics floor 1-5% due to FFs .
Systematics floor 3-4% due to BFext

LHCD simulation
~18%

FWHM and
smaller tails
than RFA

LHCb Simulation But may allow

for better
NEEECE S
of kinematic
distributions

Muonic decays of 1
~28% allow for precise

Arbitrary units

FWHM and
long tail

arbitrary units

determinations of
R(X,) at higher stats

O PR I ST NN T SN T NN TR NN TN N TN SO SN NN SN SO SR NN SN SO SN NN SR
04 02 0 02 04 06 08 1 0
q? resolution

-0.5 0

-

—_ IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

[E—

Phys. Rev. D 97,072013 (2018) (4% _— ¢* )/q?

1€Co true true

Phys. Rev. Lett. 115, 111803 (2015)
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Upcoming Run 1-2 measurements

~ Analyses at an advanced stage
= Run 1 muonic Z(D°) — % (D*)
= Hadronic X (D**)

BY, B¥ ~ Analyses in early to very early stages primarily using Run 2
= Run 2 muonic Z(DY) — %#(D*), muonic # (D) — Z(D™7)

BO = Run 2 hadronic Z(D"™), hadronic Z(D") — %(D¥*), hadronic Z(D*) — #(D")

= Muonic Z(pp)

= Hadronic B — D" *1v polarization of D* and t

= Muonic B — D" *tv angular distributions

AO - R(D™),, Some of these may_take
b s several years, but aim to
= Muonic Z(D,) — R(D}), hadronic £(D,) — R (D) cover as many

observables as possible
= Muonic £(A,), hadronic £(A,)
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& Assumptions on evolution of Z(X )

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LSS5| Runé6
2011 2012|2013 2014|2015 2016 2017 2018|2019 2020 2021|2022 2023 2024|2025 2026 2027|2028 2029 2030|2031 |2032 2033 2034|2035 |2036 2037
i1 20| - - )03 17 1.7 22 - - - |83 83 83| - - - |83 83 83| - |50 50 50| - |50 S50 |fb!

~ Extrapolate & (D*) based on Run 1 muonic Z(D"*) assuming
= 2x more stats starting in Run 1 from adding #Z(D™?)

= 3x more stats starting in Run 2 from better HLT (1.5x) and cross section (2x)

= 2x more stats starting in Run 3 from no hardware trigger

- Systematics scale with data but floor of 0.5% (optimistic) and 3% (pessimistic)

. Rough assumptions
~ Extrapolate X£(J/¥) based on Run 1 muonic L (J/V) based on BFs and

- Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) fragmentation fractions and

building on work from
Patrick Owen

~ Estimate the other species based on £ (D*) extrapolation ana
= 1/4x stats for (D) from smaller BF and no feed-down
= 1/16x stats for B(D'") from f./(f, + f;) and extra track (1/2x)
= 1/6x stats for K (A,) from fy /(f, +[,) ~ 1/4, extra track (1/2x), and larger Ac BF
= 1/20x stats tor F(AF) from f, /(f, +f;) ~ 1/4, two slow pions and lower BF
- Systematics scale with data but floor of 1% (optimistic) and 5% (pessimistic) but for £(D) same as X (D*)
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https://agenda.infn.it/event/12253/timetable/?view=standard#13-prospects-with-semileptonic

1 [/
ek

Prospects for Z(X.)

~ Enormous improvement from Upgrade | (Runs 3+4)

= 50 fb-? plus factor of two from no hardware trigger

~ After Upgrade Il (Runs 5+6) it depends on systematics scenario
= Significant gains for £(J/¥), ,%(DS(*)), and R (A¥) it we can control FF systematics

Run 2 Run 3 Run 4 Run 5 Run 6 Run 2 Run 3 Run 4 Run 5 Run 6
[ W ‘ T T T T T T T T [ N\ ‘ T T T T T T T T T T T T T ]
1aL VY S 14\ | — R(D") 1
SN == W -=' R(D) -
_12¢ \\ \ Pessimistic — 12 vy Optimistic — R(DWY) -
X \ \ systematics scenario — X ‘\ \\ systematics scenario —_— R(AY) ]
g 107 e g 10p— e == R(A.)
= : o _ NN
E g NN R(J/P)
£ £ 8f YT \
D o : \\ \ Upgrade 11
= = R N R R . I W\
= S O \\
T R W
IS o 4k WA
— = \\\\u —————
~ S
oL LHCb oL LHCb TEmmmm ~—_TTTTo~
- ' - ' B P Sl S P —
[ unofficial Upgrade 1 Upgrade 11 [ unofficial Upgradel = =~ @ o — == == -
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N N N
FITTTITIIFIIFFIFIFFIIFFTFFTEE FIIIIIITIIITITIFTISTFTSFISSTS S
N 2 D ) 2 2 R A R A Y N 2 A N A ) 2 2 R A A Y

Dataset up to year Dataset up to year
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it Measuring distributions

~ Upgrades give access kinematic distributions sensitive to NP

= |[nstrumental in characterizing any anomaly

= Unique sensitivity to B, = Dtv, B, — J/Wtv, and A, — A _1v (see following talk by A. Datta)

Stanford University (2012) 111803 (2015)

MEF'S "Evidence for an excess of : s. Kev.
B > D'y decars" Dissertation. Impact of 2HDM on q2 and 0. =1 - O Phys. Rev. Lett. 115, LHCD resolution on q2 and O ngnoli?,(g) ?;)

- S Ty i 0.09

¢ # I/T I/,u 0.08
LHCb Simulation 0.07
0.06
0.05
0.04
0.03
0.02
0.01

0

"TB— Dtv 2FB — D*rv LHCb simulation

Arbitrary units

arbitrary units

— SM
—tp/m,; =0.3 GeV™'
—tp/m,, =0.5 GeV"'
— tf/m,; = 1.0 GeV"
T T T . PR NI T AT TN N ST T AN T S S N S N S NS S H N W T ol oy, o,
8 10 212 0 04 -02 0 02 04 06 08 1 0
¢* (GeV?) q® resolution @ - ¢ g?

reco true true

-

—_ IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

[E—

>
o0

T D p VY,

>
o0

~ LHCb Simulation
- LHCC-2018-027

The hadronic reconstruction
B — D*¢v , :
B - D%y of the t provides higher
sensitivity, but the muonic

dI'/d cos @,

-

@)
dI'/d cos @,

=

N
Arbitrary units

A —sMm
- —tf/m, =03 GeV"' : |
2F —tp/m, =05 GeV' : reconstruction can also

-
™~
-
~

=
N

- —tB/m,; =1.0GeV" :
PR R T R T T L oo by e o by B L

T 05 0 . 2 3
0, resolution (rad)

contribute
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: Ostat (L (D*)) = 6.4 %
~ Larger backgrounds and lack of full event reconstruction b | )
- 0.038<BDT<1.038 LHCb

make distributions challenging

600 |-

= Upgrade 2 samples may allow tor techniques such as B, — BTK™ tagging

400 |-

200

Phys. Rev. D 88,072012 (2013) Ogtat (%(D*)) =71 % Phys. Rev. Lett. 115, 111803 (2015) Ostat (%(D*)) = 8.0 %

500

- 1.038<BDT<2.038

400 |

(U
-
-

BaBar] —— Data
i B B — D*tv
B B — D*H_(— X)X
B B — D**lv
Bl B — D'uv
Combinatorial
Misidentified u

—~ Data
B eD}v
B—=Dntv

Candidates / (1.375GeV?/ c*)

Phys. Rev. D 97,
072013 (2018)

.

300

200 |-

mB — D (/v
—1Bkg.

Events/(3.25 GeV?2)

100 |

data/MC Events/(0.50 GeV?)

NO Mn:ee CUL SO -
miss - . Daw BDT>2.038

difficult to compare E Total model

- EEB > DTtV
- B—> D"t v,
: B — D D!(X)
- EEB —> DDY(X)
- B - D 3rnX
— @B - DD (X)

~ Run 1 hadronic measurement already shows some §
sensitivity to g2 distribution et

q> [GeV?*/ 4]

. >15GeV?
SS
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T Possible sensitivity to angular distributions

~ Hadronic analyses expected to have good angular sensitivity
- Hill, John, Ke, Poluektov, JHEP 2019, 133 (2019) 1908.04643

d*T

dq? d(cosfp) d(cosOr) dx

x I1.cos?0p + I, sin’ 0p

+ T2 cos” Op + Iz sin’ 0p| cos 20y,

Is. cos® Op + Igssin” Op| cos by,

14 cos x + Igsin x| sin 207, sin 260

_I_
+ [I3 cos 2x + Igsin 2] sin’ 0y sin® 6p
_|_
_|_

5 cos x + I7sin x| sin 6, sin 20p ,

Wrest frame
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LHCb upgrades and prospects for charged Lepton Universality Violation



Summary

Upgrade 1

Run 1 LS1 Run 2 Run 3 LS3 Run 4 \
2011 2012 {2013 2014|2015 2016 2017 2018§ 2019 2020 2021 § 2022 2023 2024 | 2025 2026 2027|2028 2029 2030

Run 5 LSS Runé6
2032 2033 2034 (203512036 2037

~ A program of updates is being carried out to fully
exploit the LHC potential for flavor physics Al
- Remove hardware trigger, improve detector longevity and performance
= Major challenges have been overcome for U1, but schedule challenging

Run 2 Run 3 Run 4 Run 5 Run 6
~ LHCb has a unique ability to study b — ctv transitions _ ., Optimistic | T 2O,
. . . . . : Systemat.lcs — R(A)
= R(DY), R(D**), R(D), BIIY), B(AL)) with muonic analyses )

= Important kinematic distributions with hadronic analyses

= Upgrades will allow us to reach 0.5-3% uncertainties

= Challenges ahead

+ Will need an order of magnitude more MC than what FastSim can do today
+ Important to calculate and measure all FF and control other systematics

Total uncertainty [%]

Dataset up to year
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Backup



~ COVID-19 shut down most activities in March

= Work on documentation, database, procedure optimization

~ RF foil installation one of CERN's pilot projects

= Zoom-supervised and completed in May!

~ Module production resumed over Summer

= Pandemic slows down everything
= On track to meet updated LS2 schedule

|
s ‘ \
o

' stop the VELO

p — No PPE shortage will
production

—
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[/

THCD

~ Module production
resumed over the summer

= Improved procedures

~ On track to meet updated
LS2 schedule

No PPE shortage will stop the VELO production

|

6\1"

Uﬂhu' 4

[!
i
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INFN Milano 38, ~ Operations severely impacted by lockdowns set

=S| home shipping

! {L hub - e up to stop the Spread ot COVID-19

S

= Cab

= Module proc

ing, solc

= Some activities such as design or fw/sw development continued

~ Most components delivered

= Hybrid and readout electronics qualification

uction and stave assembly

ering, and mechanics assembly/procurement

~ Key challenges
= Inner ASIC and 8-ASIC hybrid designs to be validated

= Manpower at CERN for installation and commissioning

—‘Maryland home firmware ,/ 4 On tl"aCk tO meet updated LSZ SChedUIG, bUt ﬂO

development station

Key contributions from piano | con _tl N 9 en Cy!

stand and breadmaker box
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Lck Sensor+ASIC characterization

12

~ Beam test at Fermilab (March 2019) S ~12 T 1

99.5% efficiency

I

00

~ Type A unirradiated sensor
= 99.5% efficiency and SN ~ 12

-o-

Peak of Landau fit (MPV)
S )]

-e-Signal (Landau MPV)

N

~ Type B sensor irradiated to 2x maximum dose
= 94% efficiency and SN ~ 11

+ Partly due to readout limitation, most efficiency will be recovered with Bias voltage (V)
LHCb readout

Unirradiated sensor

o

0 100 200 300 400 500 600

(A
N

11 S/N ~ 11
10 Eh—
ot I . I,= 0.713 = 0.018 S o o -
€' e Totst Nolon : u, = 11.108 = 0.027 2 s 94% efficiency
£ 100 _ 15001~ o, = 1.354 = 0.031 . 3
s | i Final system expected to £
| Rt 000l have single-hit high <’
E o - efficiency (> 99%) and s « Efficiency
B _ good signal-to-noise 2 - Stgnal (Landau MPV)
" 1 ° °
500 ratio throughout 0 Irradiated sensor (2x nominal)
l experiment lifetime ° Y sesvermeew)
O0 I1OI - |20| - 30 40 50 M. Artuso et al, "First Beam Test of UT Sensors with the
Noise [LSB] Charge(ADC) SALT 3.0 Readout ASIC" (2019) DOI:10.2172/1568842
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