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« Detector upgrades and prospects
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LHCb experiment

A dedicated LHC Collider Beauty Experiment for precision
measurements of CP-violation and searches for New Physics.

High cross-section of heavy-quark production
Excellent decay time resolution
Excellent particle identification

Excellent momentum resolution

Fully instrumentedin2<n<5

LHCb high PT ~ few GeV

Acceptance

LHCb MC
\s=8TeV
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Luminosity leveling
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Integrated Recorded Luminesity (1/fb)

Beams are offset in real
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Trigger - Run 2

Offline storage (WLCG grid) limits the measurement sensitivity (statistics)

Turbo Stream — offline selection at online phase - large charm samples in Run2

Events are buffered on disk (10 PB) while LHCb 2015 Trigger Diagram
calibrations are being run. 40 MHz bunch crossing rate
=» Offline-quality trigger objects L L L
available for analysis. LO Hardware Trigger : 1 MHz

_ readout, high E+/P+ signatures
@ Disk =» more CPU. The full — Y
reconstruction can also be run during i e

LHC downtime.

. Software High Level Trigger

1 - .
09 Cb Partial event reconstruction, select
g 0.8 ) ' displaced tracks/vertices and dimuons
= 07k Disk b fefr usage
e to 28111/2017 :
“;' 0.6f Buffer events to disk, perform online
e 0.5¢ detector calibration and alignment
z 0.4¢ :
=2 0.3 : .
.z 0.2 Full offline-like event selection, mixture
Q . r - - - -
01 wﬂ of inclusive and exclusive triggers
o N o A o o T

20 25 30 35 40 45 50
Calendar Week 12.5 kHz (0.6 GB/s) to storage
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LHCb physics programme

OGRA

8 "s \s
CKM and CP V|olat|on
with b and ¢ hadrons

Electroweak and QCL)‘

W, measurements in the

" Rare decays of b hadrons II forward acceptance
and ¢ hadrons o B '

Exotica searches
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Standard Model

Extremely successful theory of fundamental interactions,

e 1 fundamental scalar
2 types of fermions

* 3 generations

* 4 fermions/generation
* 3 types of interactions
* 4 bozons

but:

Matter-antimatter asymmetry in the Universe?

Structure of 3 generations, origin of neutrino masses?
What is the nature of dark matter?

New Physics beyond SM needed.
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Two ways to search for New Physics

Direct observations

Probe up to ~4 TeV

Direct production of new objects at Vs =14 TeV

Probe up to ~50 TeV LHCb approach

Precision measurements of well predicted observables in SM, in
particular these with small values, makes us sensitive to higher
mass scale.

Examples of indirect discoveries:

» Prediction of third generation of quarks (b,t) to introduce CPV in SM
« ¢ and t quarks first ,seen” in FCNC processes in K and B mesons

* (vtN—-v+N) seenin 1973; direct Z observation 10 years later
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The GIM mechanizm

o KP— p ™ was not observed

though expected \ S _..__H:_ I

o Now B is measured to be .
(684 + 011) . 10_9 [Ambrose et, al, 2000] KL u ' MPL
-> !:ed to the pos‘.tulia:tfon of the c quark = 7 < _ < “Jr
GIM mechanism” in 1970 [Glashow, W+
lliopoulos and Maiani, PRD 2 (1970) 1285]
(also [Bjorken, Glashow, PL 11 (1964) 255]) )
W= .
_ L
o
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The GIM mechanizm

o KE—> (T~ was not observed

though expected

e Now B is measured to be
(6.84 4 0.11) - 102 {Ambrose e, al, 2000]

=» Led to the postulation of the ¢ quark
“GIM mechanism” in 1970 [Glachow,

lliopoulos and Maiani, PRD 2 (1970) 1285]

(also [Bjorken, Glashow, PL 11 (1964) 255] )

=» ¢ quark eventually observed in 1974

[Richter et al., PRL 33 (1974) 1406], [Ting et al., PRL 33

(1974) 1404]

direct observation of a particle
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Indirect measurements - precision

* 3ingredients needed

— Precise SM prediction

H . . 1 1 h
— Good experimental precision Effective Field Theory (EFT) approac

— If possible precise BSM prediction Example: b—sll transition
?’% Effective-Hamiltonian approach
5 s 4G, e?
" W= L——V, Vi) GO, +h.c
W\{ ~¢+ -Q+ \/_ 1 ﬂ«'z
28 74
\ i a coupling constants Local interaction

(Wilson coefficients) terms (operators)
NP entres here

Analog of Fermi Theory for weak decays.
Information on the electroweak-scale physics is encoded in the values of C.,.
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Very rare decay - B? ;> uu

Highly suppressed in the SM FCNC + CKM + helicity
Possible tree level BSM contributions — very sensitive

Ratio between Bs and B? highly constrains MFV
Leptonic decay (no hadronic uncertainties) = Very well predicted
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Candidates / ( 50 MeV/c?)

LHCb

Very rare decays - B® ;> up

e Recent LHCb analysis using Run 1 and 2 data (3fb_1 - 1.4fb_1) provided

the first single experiment observation of BY — p ™ at 7.80
e B, — ;" is the rarest b hadron decay ever observed

B(BY = pup”) = 3.0 4 0.6(stat) "5 (syst) x 107

LHCb
BDT=>0.5

--- Combinaftorial

T T T I T T T
Total

B — u'u

B —

Bl, = h'h"

B’:'.;, — T (K uv,
5(+J L

B — nptu

AE — pp_vp

B: — Jhyu'v,

1

5600

5800 6000
My [MeV/c?]

L A LA R s e

CMS & LHCh, Namore

ATLAS, EPIC 76 (2016) 513

Time integrated SM prediction

[C. Bobeth et al. PRL112 (2014)101801]

0

1 2 3 4
BR(B,—~u*u™)[x 107]

e Results for BS — 171~ are consistent with SM expectations

e BB = ) <3.4%x 107" athe 95% CL

, ATLAS + CMS + LHCb combination:

Latest BR predictions have precision at 4-5% level:

B (B = ptu~) = (3.66+0.14) x 1072 SM
B (B — ptp~) = (1.03+0.05) x 1071°

Beneke et al JTHEP 10 (2019) 232

B (B — pty~) = (2.691937) x 107°
B (B = ptp~) < 1.9x107%at 95% CL
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B—>tTT

* Can be used to study LFU when combined with Bs—
* Less helicity suppression — higher BR ~10-7 vs [0-*

e Reconstructed using T— 3zv. Challenging due to the neutrinos.
* Normalised with respect to B?—=D*(K-1t*11")D-(K-K*T1T%)

¢ As there is no peak the MVA output is fitted
[PRL 118 (2017) 251802]

5 10 ~ 1800
g LI LHCb = 1600} : LHCb
TS > C
=R 9 1400} <
= [ —+ Data p= . + Data i
ST S vy 1200f 0 eyt e
3 Total w, g B"— DD} ,%
- == -1 x Signal = 1000f B'— D' D! ®
10 ¢ — Background § g0t B DD @%
: = 600F ; - Comb. bkg. ®
E = -
Z0 20057 )
D-'_S APURY PR FURTE FETET PRREE FETTE FURTE PRI P P - |r IM_‘ . <
0 010203040506070809 1 5%00 51005200 3300 5100 5500 5600 5700

Neural network output My v [MeVic?]

o LHCb sets limits on:
o B(BY - 7777) < 6.8 x 10 °(@95%CL) First limiton B, — 777~
e BB 5 7717) <21 x 10_3(@95%CL) Best limiton B — 7" 7
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Search for /\*C%pum‘ decay

SM BF(A* 2 pptp):

~107: short distance c>ul*l

~10®: possible enhancement of long distant
contribution.

u+
] vIZ°
N —~>ppp: FCNC, highly suppressed decay N ,ff,?i W

M c—h o
~ 22_(1} I nonresonant I I _; 4 € d -
s RE ]t HE S Signal u > uu >
2 16 =
= 4E 1A+ + -
b } ]l Ae = pup

[=J SS R S ]
. ———
III|IH|III|I

Normalization

AF = pé Experimental status (2017):
¢ BABAR: arXiv:1107.4465
BF(A*.~>putp) <4.4-10° at 90 % CL

Candidates / (7 MeV/c2)

New

Al = pw

Candidates / (7 MeV/¢2)

LHCb, UL improved by 2 orders of magnitude
B(AF — putu~) < 7.7(9.6) x 1078 at 90%(95%) C.L.

2300
miputu”) [MeVic?]
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Very rare decays - K°.—>pup

‘long-distance’

e

‘short-distance’

: ﬂ,ﬁ S +«A~Y‘q~w+ 7 S 7
Ky 4‘:; o G LA \
S W
L Iu
d —»—tvd— d H
Normalised to Ky — nta~ 10-¢. CERN PS
(3.1 x 1077)
— . . . . all . &N
K¢ — a7z~ also is a dominant misidentification
background: branching fraction is more than 107
O O
ten orders of magnitude larger!
> - LHCb (2011)
-9
2 S 100, (9 x 10-9)
[=)]
| LHCY v ;
= Y C KL= £ -
:}- 1l . . e . ——= K{—xtn~ _E LB'-ICI?lé—R;IDn l)
< 10 no significant signal. - conbimsora = 10 (8> 1077)
= — Total 'y LHCb (Full)
— ] + (2.1 x 10-19)
= 10% N «
_ T 10-10 Expected for Run-II
~ own 107104
Z £ P —.
S 107 T 0
= ) Expected for the Upgrade
\;1 b S N, SM
S 10-2 ] i N 1071 518X 10712
= 1U =1 — — — T T SM
S 430 500 520 540 560 580
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Lepton universality

Charged leptons (e, T) may appear the same due to accidental symmetry.

C

120 years ago electron and proton seemed to be the same except for mass.
Only long wavelength ,microscope” was available ->unable to see structure.

©

Similar situation for leptons now? They differ in mass only?
Perhaps they are different. We need better microscope.
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Lepton universality - R,

f dL(B—Hpu*p~) dq?

B(BT—KTpu™pu™)

dg? —
e = R + —
H [ EEEEe) g K B(BT—KTeTe )
dq?
T T I | | Il
Magnet = N : g:jﬁi,ﬁ)’; i
08, . : i .
Y f Tail due to missed ECAL Detection of

| upstreambrem . P—
0.6 P resolution electron and muon

Upstream Downstream
brem: DU Drem 04 - differ significantly.
o Ty Y
e - X
" 4 0.2 Al
Ey ‘
Air Ey 0.0

4.6 4.8 5.0 5.2 5.4 5.6
m(Kntl) [GeV/c?]

To cancel most experimental .
systematics, measure double B( B+—>K+,U-+,U-_ ) B(B+—>K+Jf 'r__-’.'(%e_e_ )

_ )
ratio of rare mode with RK+  B(Bf—=Ktete ) B(BT—=K+J/Y(—ptp—))

resonant J/¢» mode:
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R, & R« present status

16 1.6
1.4 ' T 14— 1
124 T 1.2 ——.—
. T -+ [ o . T '|'
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LHCDb pHep 08 (2017) 055] [PRL 122 (2019) 191801]. Belle [arxiv:1904.02440] [arxiv:1008.01848). BaBar pro

86 (2012) 032012].
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N(

Np — pK ™ pp) = 444 + 23
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1 AT +T 9 _ | : R )
d(I' + 1) /dg? : 19 I 3o [3(1 — Fy,)sin® O + Fy cos® O + +(1 — Fy) sin® O cos 20,
- n i QLT

— Iy, cos® O cos 26, + Sy sin® O sin® 0, cos 20

. + 5y sin 20 g sin 26, cos ¢ + S sin 20k sin 6, cos ¢
Decay described by 3 angles 4 S0 ! & sin 0

(e 0 d)) d 2 2 + %AFB sin® 0y cos By + S-sin 205 sin 0, sin )
e eaEn - + Sg sin 20 sin 26 sin ¢ + Sg sin® B sin® f; sin 2@]

Rich set of observables.
Possibility to construct variables with cancellation of hadronic effects.

!/ Sr,
7 \/FL(l—FL)
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BY— K *uu

LHCb measurements Belle, ATLAS, CMS, LHCb
~URAN | L A I Lo HH  Belle'l6
LHCb ] W CMS'17
sRun 1 2016 N HH  ATLAS’19
0.5 « Combined - 0.5 WM LHCH'20
| [ SM from DHMV 1
[ ] 2% 00 T

—0.5

—
[o—

Illlllﬁ‘lﬁllllD
I
I
0
i)
|

,10_
-1 P —l PR P T AT
I I \ I I I I
0 5 10 215 2 4 0 2 5 3 10 12 15 18
DHMV: [Descotes-Genon, Hofer, Matias, Virto, JHEP 12 (2014) 125 4 ¢ - /
— {Kﬁﬁ]aﬁniﬂ"haﬂiir Pivzdziou,lvxfang‘ JHEP ég (20}10) {%80] Cj [Gev /C ] g2 [Ge\"g/cﬂ

It seems that set of (consistent) anomalies are observed in LHCb and other HEP
experiments. So far below of the level of 50 threshold to claim NP discovery.
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Design Run2

]

) 1
22*‘v3—>1/\y¢
2-'| W B> nn
187{A5—’ oY
[ |@B—-DK

Detector upgrade

n
>
TTTT

A lot of valuable measurements in Runl & Run2

Trigger yield [rel. to 10

<
"

* No significant signs of New Physics but anomalies observed

* More precision needed

* Remove limitations from hardware trigger.

~1 visible
interaction

]
|
|
|
|
|
1
1
|
i
2

D oo owmow--w

. AP (TR W
25 3 35§ 45 5
Luminosity [x10 *em?s )

~5 visible ~50 visible
interaction interaction

LHCb—e LHCb Upgrade F— e————LHCb Upgrade Il —
LS3
= - LS2 - 33 HL-LHC - e g _ LT o R
L= 100" | oreegraded] £=2X 10 Ao L= 50T LY £=1-2x10 LS5 =L~ 300fb

Phase 2 upgrades

mnmmm 202 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2C M1 mmmmmnlm ’

LHCb Upgrade |
Installation starts

LHCb Upgrade |: incremental
improvements/prototype detectors

LHCb Phase-l upgrade ongoing now during LS2 for Run3 and Run4

- full software trigger and readout all detectors at 40MHz

- replace tracking detectors + PID + VELO and #~ 2 x 10% sec' cm™2
» Consolidate PID, tracking and ECAL during LS3
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Detector upgrade

CERN-LHCC-2012-007

Upgraded LHCb Detector ‘

To be UPGRADED

Detector Channels I R/O Electronics I

HCAL  mpuoN 2-5

Upgrade - it is a new detector
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Upgraded trigger

Remove LO (hardware) trigger
- full readout at 40 MHz ( 30 MHz of inelatsic events)

Online reconstruction with offline quality.
- online alignment and calibration (buffer events to disks)
- offline-like selection at online phase

- raw data not kept

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

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

400 kHz

B/ pp ely

-----------------------------------

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

0 0 T

12.5 kHz (0.6 GB/s) to storage

10-11-2020

sl UPGRADE

LHCb Upgrade Trigger Diagram
30 MHz inelastic event rate

(full rate event building)

-Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

L

Buffer events to disk, perform online

coh e — 4yt

——

detector calibration and alignment

g

Add offline precision particle identification
and track quality information to selections

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

O O

2-5 GB/s to storage
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LHCb upgrades - prospects

Belle Il sensitivities taken from , The Belle

arXiv:1808.08865v4 Il Physics Book”

Observable Current LHCb LHCb 2025 Belle 1T Upgrade II ATLAS & CMS
EW Penguins

Ry (1 < ¢ <6GeV3et) 0.1 [274] 0.025 0.036 0.007 -
Ry (1 < ¢® < 6GeV3c?) 0.1 [275] 0.031 0.032 0.008 -
Ry, Ry, Ry ~0.08,0.06, 0.18 ~0.02,0.02,0.05 ~
CKM tests

v, with B? — DFf K~ (T37)° [136] 4° - 1° -
v, all modes (F29)° [167] 1.5° 1.5° 0.35° -
sin 23, with BY — J/¥K? 0.04 [609] 0.011 0.005 0.003 ~
b, with BY — J /¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [610]
¢s, with BY — DF D7 170 mrad [49] 35 mrad — 9 mrad —
@5, with B? — ¢¢ 154 mrad [94] 39 mrad - 11 mrad Under study [611]
a, 33 x 107 [211] 10 x 1074 - 3x 107 -
Vas|/|Vea| 6% [201] 3% 1% 1% -
BY,B"—utpu~

B(B® = putu~)/B(BY = ptp) 90% [264] 34% — 10% 21% [612]
TBO syt e 22% [264] 8% — 2% -
Shp B - - 0.2 -
b — ¢/~ 17; LUV studies

R(D*) 0.026 [215,217] 0.0072 0.005 0.002 -
R(J /) 0.24 [220] 0.071 - 0.02 -
Charm

AAcp(KK — ) 8.5 x 10~ [613] 1.7 x 107* 5.4 x 107% 3.0 x 107° -
Ap (~ zsin ¢) 2.8 x 10~ [240] 4.3 %1075 3.5x 1074 1.0 x 1072 -
zsin¢ from D’ — K7~ 13 x 10~% [228] 3.2x107* 4.6 x 107* 8.0 x 107° -

xsin ¢ from multibody decays

(K3m) 4.0 x 107> (K97r) 1.2 x 107

(K37) 8.0 x 107°
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Summary

* Precise measurements of flavour observables provide a powerful probe for New
Physics effects.

* LHCb performed many valuable measurements, most compatible with SM but a few
tensions are observed.

* Upgrae |l is ongoning. A factor of 5 increase in statistics expected in Run3 and 4.

P [0 o
W UPGRADE ?

M I R
Particlelldentihication

Ban .\
‘

Technical Design Report

=

TDR

Teehnical Dosign Report echnical Design Report Technical Design Report
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D> uu

 FCNC has been extensively studied in the strange and beauty sectors

* In the charm sector short-distance contribution highly suppressed by the GIM < 10-18

* D% puu dominated by the long-distance contribution to the two-photon intermediate
state ~10~

Best exp limit from Belle BD" = prp)<14-1077
B(D" — ptp~) =~ 2.7 x 107°B(D" = vv) Phys. Rev. D81 (2010) 0911 __

Long distance SM limit > 6 x 101
LHCb

CL,

Wﬁm'ﬁ‘llllllllllll_

Candidates / (10 MeV/c?)

N, D™D ()t
—'1_'_4.\:‘:'“ L ol

e el
1800 1850 1900

1

I
1950 ) 2000
My [MeV/c?]

0 0.5 1 1.5
B(D° — u* u)[107]

B(D° = ) < 6.2(7.6) x 107 at 90% (95%) CL. [Phys. Lett. B 725]
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Data processing and trigger

CERN-LHCC-2018-007

40 Tb/s
30 MHz non-empty pp

RTA

1-2 Tb/s
0.5-1.5 MHz

REAL-TIME ALIGNMENT &
CALIBRATION

FULL RECONSTRUCTION (HLT2)  _EEEEE

BN 26% FuLL OFFLINE PROCESSING
80 Gb/s
68% TURBO & g — "
— real-time analysis S X

g 6% CALIB OFFLINE PROCESSING

« HLT1 reconstruction in GPUs Comput. Phys. Commun. 208 35-42

. 2 L Run 2: 2019 JINST 14 P04013
« Offline reconstruction in HLTZ ' GPU: Comput Softw Big Sci 4. 7 (2020)
« TURBO model for exclusive selections TURBO: 2019 JINST 14 P04006
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