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The LHCDb Experiment
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e Single-arm spectrometer (2 <n<5) @ LHC
Run 1 (2010-2012): L = 410> cm™s ' (2x design),
« ~1.6 visible interactions/crossing

« = 30 kHz bb, 600 kHz cC within the acceptance

Precision flavour physics: CP violation, rare decays,

K MUON

LHCb MC
\/g =8 TeV




An LHCDb Event

9.10. 2011 14:07:51
Run 103180 Event 1878017019




Typical Signhatures

Beauty Hadrons : » B mass ~5.28 GeV/c?, daughter P ~1 GeV/c
Qv M+ e Tg~1.6 ps, flight distance ~ 1 cm
L .-
I):/(,—",v‘ e |Important signature: detached muons from
P ||5"~"‘.” p from eg. B=2J/OX, J/b—p
Charm Hadrons e D°mass ~1.86 GeV/c?, appreciable daughter
Pr
SV . .
PV L _ e 1p~0.4 ps, flight distance ~ 0.4 cm
e

e Also produced as ‘secondary’ charm from B
decays.

Trigger Strategy:
 |nclusive triggers on muons, displaced vertices with high PT tracks

e Exclusive triggers for anything else



2011-2012 trigger

40 MHz bunch crossing rate
(15 MHz visible interactions)

Three stage architecture: J}
LO trigger
e Level O (LO) — near High pt/ET signatures: u, e, h,
detector hardware, fixed 4 1 MHz detector readout
us latency ) @
‘HLT 1
 Higher Level Trigger (HLT1 Displaced high-pr tracks
and HLT2) — software 70 kHz output rate
running on 29,000 cores ‘HLT 2
Full event reconstruction
JINST 8 (2013) P04022, and Exclusive and inclusive lines
arXiv:1310.8544 ) @

5 kHz to offline storage
2kHz incl, 2kHz excl, 1kHz muon




O trigger: Muons

Reconstruct muon segments I
« AP/P ~ 20 %

LO SingleMuon: L [T
< 1-LHCDb prelimin_al;y_ o N —
— L ® _‘_ -
Pr>1.76 GeV/c é‘* 08k, —4— —
= ——— —a— -
. W [ = i
LO DiMuon: 0.6 —a— .
N i
04_— —&— LO0Muon —
° PT1XPT2 > (1 0 GeV/c)Z ' i —#— LODiMuon i
02k —4— LOMuon OR LODiMuon ]
Typically over 90% efficient f :
% 5 10 15 20

p T[GeV/ c]



L O trigger: Calorimeter

Select hadrons, electrons and photons TN
with large Et
LO hadron: T

e Er> 3.6 GeV 1

—

L HCAL

e Rate ~490 kHz

ECAL

&Q ]2_ L L L | ' ' ' ' fF v F
LO electron / photon = 1 LHCD preliminary
« SPD+Preshower discriminate 2 e
=~ 08 ———— =]
between electrons and photons W —
+_._
06__ _A__._ —
e >3 GeV - —4-B° > Dx
04F S g — e S
e Rate ~ 150 kHz T e + D' —Kn ]
0.2 _——l——**—_._ 4D - K -
. ~80 % efficient for B = Xy N = = e T A
0 5 10 15 20
Total LO Rate: ~1 MHz p,GeVic]



2012: Deferred Trigger

Table 5. LHC availability 2012

Mode % of scheduled time
° 13 N . . . ~ (o)
It_hHCt' only” delivers collisions ~35% of A cooss 1A%
elme Setup 28%
, , . o Beam in 15%
* trigger farm idle ~65% of the time! Ramp and squeeze Y%,

Stable beams 36%



http://iopscience.iop.org/1742-6596/455/1/012001/pdf/1742-6596_455_1_012001.pdf

2012: Deferred Trigger

40 MHz bunch crossing rate
(15 MHz visible interactions)

e LHC “only” delivers collisions ~35% of _ @
the time L0 trigger
High pr/Er signatures: u,e, h,~y
e trigger farm idle ~65% of the time! L2 e oo
« “Over commit” CPU resources, buffer [B”oﬁer | }
overflow to local disk & catch up in 207 10 EFIF el
between fills ( \V4 @ .
| (HLT 1 )
e 20% of LO triggers are “deferred” Displaced high-pt tracks
|70 kHz output rate )
e 25% extra CPU capacity! HLT 2 A
| Full event reconstruction
 allows decrease of HIt2 tracking ([Exclusive and inclusive lines )
thresholds P> 500 MeV/c— - g

P+>300 MeV/c



o LHC “only” delivers collisions ~35% of

2012: Deferred Trigger

the time

e trigger farm idle ~65% of the time!

“Over commit” CPU resources, buffer

overflow to local disk & catch up in

between fills

e 20% of LO triggers are “deferred”

e 25% extra CPU capacity!

 allows decrease of HIt2 tracking
thresholds P> 500 MeV/c—
P;>300 MeV/c

 Peak disk usage in 2012: 88%

40 MHz bunch crossing rate
(15 MHz visible interactions)

v

LO trigger }

High pr/Er signatures: u,e, h,~y
1 MHz detector readout

Buffer
20% to EFF disks

v v

4 )

(HLT 1 h
Displaced high-pr tracks
|70 kHz output rate

J
1 )
HLT 2
Full event reconstruction
&Exclusive and inclusive lines J

Disk usage as a function of time

104

a S0
Egm.mm
=

T

-

Mo

||‘|'|||'?_V_IT l‘['l"l"l'l"l'llll

11/03f2012 12:00:00 AM 11/0/2012 12:00:00 AM 1171042012 12:00:00 AM

1A 24201 2 102343 AM 593




HLI1: Partial Tracking

VELO
Magneto—/
IT & OT +—7
* HLT1 adds tracking in \(Ertex « VELO tracks, either matched to
LOcator (VELO) and primary muon hits, or with large IP are
vertex reconstruction extended through the magnet

* Pt dependent search windows:

track ‘ W p other
min. pp [ GeV] | 1.0 05 16




HLT1: Pertormance

e Muon lines

 [rack matched to muon hits

e Either high Py or large IP

e ~ 14 kHz

e Inclusive lines

« Single track with large IP and

high P+
e ~56 kHz
e Jotal ~ 70 kHz

e Tuned to maximise HLT2 CPU

usage

€105/ 100%

€105/ 100%

12 B L LJ LJ LJ 1 LJ LJ Ll L] 1 L] L] L] T T T T T T
LHCDb preliminary
1 -
B —O——&———0— ®
0.8 .
B - —a——— =
_&|=—l——l—
0.6 — —
04 '_ —&— Hitl1 TrackMuon 7
F —#— HIt1DiMuonHighMass
o —4— HIt1DiMuonLowMass
0.2 — —
0 e ey T
0 5 10 15 20
p, [GeV/c]
1.2 T T T T
[ LHCb preliminary
1 -
B e — & —— "o
- — o ¢ _ g —w— B o -
0.8 _—_._"_ == ]
L — 4 ——aA A— A—
B —A— —aA A—=
0.6 — —
B + B — D't
04FA—" " B K —
- —4 D’ - Kn+
0.2 -__’_ _+_D+_>KTCTE —
B D™ — D%
0 | L. 1 PR
0 5 10 15 20



HLI2: Full Reconstruction

* Tuned versions of offline )
reconstruction algorithms Inclusive dimuon - Inclusive ¢

* eg. Pr> 300 MeV/c - 2 ”‘f‘P z
p IP p ‘

e Combination of inclusive and Bhh

exclusive trigger decisions B

| | Topo N-body " 5 e > "
* Flexible software environment p_h
S‘Y D*t — DOrt h
* supports eg. dedicated b e oy D(

MVA-based selections 5 i Kﬂi '



lopological N-body Iriggers

P _h
o Utilizes excellent vertex and -
momentum resolution to compute:
P )*( P
P -
Meorr = \/mi2nv T ‘PTmiSS‘2 + ‘PTmiSS’
100+ Hl_T2 HLT2 2-Body Topo 600 HI_T2 | HLT2 3-Body Topo HI_T2 HLT2 4-Body Topo
P 1000+
2-body Miny 3-body Minv 4-body Minv
— Mcorr 400 — Mecorr — Mcorr
S0r 500/
200/
0 ’> | 0 0 | J
5 10 5 10 5 10
mass (GeV) mass (GeV) mass (GeV)

Example: 4-body B decay, minv and meorr for 2, 3 and 4 body selections



lopological N-body Iriggers

o Utilizes excellent vertex and
momentum resolution to compute:

"
-
- *
- B
-
-
-

Mecorr = \/m?nv + ‘PTmiss‘2 T ‘PTmiss’

s I LHCb 2010 MB Data
* Uses a dedicated "Bonzal” § _ E%l\f/[cc
Boosted Decision Tree [JINST 8 & 10712
(2013) PO2013 ] with g
=
e Pr, |PX2’ FDXZ, Minv, Mcorr EIO'Z_ ‘I—I_I_I_I_I;
o Capable of filling its allotted g .
bandwidth with ~100% pure 107F |
generic bb events 0 0.5 1

BBDT Response



Charm Triggers

D*T = D% h

e Charm important part of LHCb physics:

« Observation of D°-D°bar oscillations
[ PRL 110 (2013) 101802 ] P

« Measurement of D-D°bar mixing
parameters [ PRL 111 (2013) 251801]

1-2_""I""I""I
LHCD preliminary

e High production rate, 600 kHz in 2012,
requires exclusive selections.

€705 / 100%
T
|

e Exception: D** —» D’ rr*

e use D*-D”mass difference to select o T s

D°=h"h" 04F o N

N —a— —— Exclusive D’ — K+ ]

: 0 -t . - —f— —— Exclus%ve D:+—> K'{)ﬁ;;

» Cabibbo favored (D"—K'm") rate is 02 . - Buclusive D — D'n]

300x suppressed rate (D°—mK") S LA
0 5 10 15 20

p T[GeV/ c]



Run1 Performance

* Trigger efficiencies for selected channels

Hadronic Dimuon Radiative
Mode D—hhh B-—hh Bt—JiKT BY — K*~
e(LO) [%] 27 62 93 85
e(HLT | LO) [%)] 42 85 92 67
e(HLT x LO) [%)] 11 52 84 57

* Very pure samples after offline selection
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RunZ Prospects

* Energy: 8 TeV = 13 TeV
* Oinelastic : X 1.15
* Opb. X1.0
 multiplicity: x1.2
 Bunch spacing: 50 ns = 25 ns
e pileup: /2

e pbut still 1 MHz LO l[imit!

[ 40 MHz bunch crossing rate

J

4 . {}

LO trigger

High pr/Er signatures: u,e, h,~
_1 MHz detector readout

~

[Huw E

Displaced high-pr tracks

Detector alignment & calibration

V%
LBuﬁer

{mjz v

Full event reconstruction

Vi

[N 12.5 kHz to storage

D N 2 S




RunZ Prospects

Changes in architecture:
e ‘Split’ HIt1 and HIt2

» Buffer data after HLT1, perform
alignment & calibration, prior to RHIt2

* HIt2 now very close to oftline
reconstruction, including RICH PID

 RICH PID allows pre-scaling of
Cabibbo favored charm, whilst
keeping the full suppressed rate.

* |Increased output rate, add ‘parking’

* Investigate analysis directly on HLT
output only (2.5 kHz without offline
reconstruction)

[ 40 MHz bunch crossing rate

J

4 . {}

LO trigger

High pr/Er signatures: u,e, h,~
_1 MHz detector readout

~

[Huw -

Displaced high-pr tracks

V%
LBuﬁer

Detector alignment & calibration

Full event reconstruction

{mjz v

Vi

[N 12.5 kHz to storage

D N 2 S




The LHCb Upgrade

CERN/LHCC 2013-021
LHCb TDR 13
29 November 2013

CERN/LHCC
s AOIPA i 1or 15
NA (LS
AC \J 21 February 2014

FrEb y m EHfb
Particle ldentification T;%adgér R l#ggser and Online

-
-

Technical Design Report Technical Design Report




The LHCb Upgrade

« After LS2, LHCb will run at 5x higher luminosity: L = 2 10" c¢m™s |
SPD + Preshower

J J L MUON
RICH2 ECAL HCAL M1 Removed

* Trackers: strawtubes — scintillating fibers + silicon microstrips

 VELO: r,¢ strips —pixels

« RICH: replace photon detectors; CALO: SPD, PRS removed; MUON: M1 removed



Upgrade Environment

e Average pp collisions per bunch crossing: 2.0—7.6

Run | Per event with vertex in VELO  Rate [GB/s]
b-hadrons 0.0258 4+ 0.0004 0.0029 + 0.0001 0.9
c-hadrons 0.297 +0.001 0.0422 + 0.0005 3.3
light, long-lived hadrons 8.044+0.01 0.511 4+ 0.002 1.1
Upgrade Per event with vertex in VELO  Rate [GB/s]
b-hadrons 0.1572 = 0.0004 0.01874 4+ 0.0001 27
c-hadrons 1.422 +0.001 0.2138 £ 0.0005 80
light, long-lived hadrons 33.291 4+ 0.006 2.084 +£0.001 26

e Challenge: must go beyond rejecting background —- classify signal, and choose wisely...

Rates as a function of pT cut for part. reco. candidates Rates as a function of decay time cut for part. reco. candidates

 Prand IP alone not sufficient to reduce rate: requires all available detector information...

N ] . N C . .
T 10, LHCb Simulation <. " LHCb Simulation
Q :. m A Qo . —— beauty hadron candidates
S 1= " "my o B i
3 A " e, . 1= | —m— charm hadron candidates
_1—‘ oo Seece Sea, - - = —a— light, long-lived candidates
107 N l.::.., 0.8 m
- Ya A, " 06:— : u
102 s, s -
= 4 0.4k .
C : A [
108 ' ¥ -
3 ?+ffT# j”’..““‘:A:ll‘=AAA
10-4__ 0.2:— ......"'
§| 1 | 1 1 | 1 1 | 1 1 | 1 1 1 | 0_| 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1
pt cut (GeV/c) decay time cut (ps)




Triggerless Readout @ 40 MHz

? 1 '_ LlI‘IClb Ti‘lggler ! LLT hadron ‘I ’ ' . ]

) B TIS or TOS

o i @ ‘

33 -2 -1 é 0.81 vgégév -

* AtL=2-10"cm™s™, the 1 MRz S B
readout limit becomes a bottleneck 06p vvgg?' .
04-— vvgoggv -

¥ : £k
¢ . . : O O_> -
lS|gne.1Ilno longer easily 02k s Bo% ]
Ideﬂtlflab|e . , v D —>Ksnln i
O() 10 20 30

LLT-hadron rate (MHz)

* Readout upgraded to 40 MHz
[ 40 MHz bunch crossing rate j

» = Ship every visible pp interaction (30 MHz visible interactions)

(30 MHz) to a CPU farm running [Low Level Trigger (LLT) }

the Higher Level Trigger High pr/E+ signatures: p, e, h,y
1-40 MHz full detector readout

(HLT b
. Tracking, vertexing and pr cuts
* Low-Level Trigger (LLT) only as _Exclusive and inclusive selections
‘handbrake’ during commissioning ; \V4
>20 kHz to storage




Triggerless Readout @ 40 MHz

At L=2-10%cm?s' the 1 MHz
readout limit becomes a bottleneck

e Signal no longer easily
identifiable

Readout upgraded to 40 MHz

= Ship every visible pp interaction

(30 MHz) to a CPU farm running
the Higher Level Trigger

Low-Level Trigger (LLT) only as
‘handbrake’ during commissioning

Efficiency

0.8}

0.6

0.4

0.2

[E—
LI

C LHCb T'rigg'er I

T hadron

or TOS é““‘ ]
v § § v
YO v
Yoeyv
YVOoev
[ v'oov _
v.oeYv
v O@V
v.O@V
C vVOC.).v ]
Yy v B >Kn
@) BO—>DD ]
[ e B, — 00 ]
° D0—>K5( ]
v DD =>K7nn
L L L L I L L L L I L L L L I L
0 10 20 30

LLT-hadron rate (MHz)

( 40 MHz bunch crossing rate j

(30 MHz visible interactions)

HLT
Tracking, vertexing and pr cuts
Exclusive and inclusive selections

Y

>20 kHz to storage




Upgrade Irigger

e Offline-quality tracking, in
software, is possible @ 30 MHz

* Estimated trigger farm: O(1000)
servers, 2.8 MCHF.

e Tracking requires 5.4 ms/event,
out of an estimated budget of
13 ms/event @ 30 MHz (%)

* Thanks to the upgraded vertex
detector & tracker designs!

* Converge online and offline
reconstruction.

(*) on our 2011 reference machine: Intel X5650 (Westmere) @ 2.67 GHz

[

Offline

VELO tracks

Upgrade HLT

\V4

VELO tracks

v

VELO-UT tracks
pr >200 MeV, Ap/p ~15%

Forward tracks
pr >70 MeV, Ap/p ~0.5%

v

Forward tracks
pr >500 MeV, Ap/p ~0.5%

N

N

PV finding PV finding
Rate reducing cuts
Output < 1 MHz
Muon ID
v %
Full Kalman fit Simplified Kalman fit
RICH PID Online RICH PID




Robustness of benchmarks

é + VELO trackmg ]
o 6 —+— VELO-UT tracking .
§ Z —— Forward tracking ]
o . . =5 - —+— PV finding -
* Timing of tracking studied at three = i .
working pOiﬂtSI © 4 LHCDb simulation -
L 3F E

e L=110"cm?s" [v=3.8] 5
2F —
e L=2-10% Cm’2s'1[v:7.6, nominal ] 1_ 3
3 2 ]
+ L=3-10% cm™s [v=11.4] "33 76 14
1%

— 14

e Several optimizations can be made to
improve timing and efficiency for different
working points

i | I I I |
. —¢— GEC =1200
 —4+— No GEC

[ LHCb simulation

[E—,
[\

CPU time [ms
=

* Global Event Cut (GEC) on event

multiplicity also used in Run 1: 8| N
« “Crowded” events contain more 6 -
background, use disproportionate [
amount of resources 4r .
7 L1 | |
3.8 7.6 11.4



Upgrade Topologma\ Tngger

— w(IS)[u wIo[K*KT]

Same principle as Run 1
preselect displaced tracks with
> Pr, followed by BBDT
Timing: <0.1 ms )

At 25-50 kHz output rate, large
efficiency gains over Run 1

e red: run 1 efficiency
green: 2x run 1 efficiency

LHCb-PUB-2014-031

(*) on our 2011 reference machine: Intel X5650 (Westmere) @ 2.67 GHz

Efficiency

Efficiency

Efficiency
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Upgrade Sensitivities

* Implications of LHCb measurements and future prospects [ EPJC 73 (2013) 2373]

* LHCb will need to trigger on a very broad range of physics processes:

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb™')  uncertainty
B° mixing 28, (B = J/i &) 0.10 [138] 0.025 0.003 ~0.003
28, (B® = Jhi fo(930)) 0.17 [217] 0.045 0.014 ~ 0.01
as, 6.4x1079[43]  06x10* 02x10"% 0.03 x 10-3
Gluonic 26 (BY — ¢0) 0.17 0.03 0.02
penguins 28 BY — K*YK*) 0.13 0.02 < 0.02
26 (B° — K 0) 0.17 [43] 0.30 0.05 0.02
Right-handed 26 (BY — o) 0.09 0.02 < 0.01
currents (B} = ¢7)/Tro 5% 1% 0.2%
Electroweak  S3(B”Y — Kt =1 < ¢? < 6GeVY/c?) 0.08 [67] 0.025 0.008 0.02
penguins sgp App(BY — K*'u*u~) 25% |67 6 % 2% 7%
A ptpr: 1 < ¢2 < 6 GeV2/cd) 0.25 [76 0.08 0.025 ~ 0.02
B(BT w7 u u)/B(BT — K u pu™) 25 % |85 8 % 2.5% ~ 10%
Higgs BBY — i) 15x 10713 05x107 015x10°7 03x107
penguins B(B" — utpu)/B(BY — putp) ~ 100 % ~ 35 % ~ 5%
Unitarity ~ (B = DOK™) ~ 10 12° [244]258] 1 0.0° negligible
triangle v (BY - D,K) 11° 2.0° negligible
angles 3 (BY — Jh K?) 0.8° [43] 0.6° 0.2° negligible
Charm Ar 2.3 x 1077 |43] 0.40 x 10~%  0.07 x 1073
CP violation AAcp 2.1 x 1073 [18] 0.65 x 10~%  0.12 x 1073




summary

e During Run 1, LHCb trigger covered a
wide range of requirements in a
challenging environment
 high efficiency for the rarest B decay

 high purity for the largest charm
samples

 Run 2 will introduce calibration and
alignment ‘in between’ HIt1 and HIt2

* The upgrade trigger builds on the Run 1
experience:

« Readout at full collision rate
 Full software trigger at 30 MHz

» Expect doubling of many signal
efficiencies
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I - 3
E 145 LHCb E
- 12K BDT>0.7 4
<t | o— m
Z 10H 3 fb’! i
g ]
S E
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Event Bullding
@ 40 MHz

Detector front-end electronics

o

3

B :

T TP

8800

Versatile Link ‘iiiiiiiiiEiii" %

/ / VX \ v N Clock & f st%
: 500 Eventbuilder PCs (software LLT) S TFC

i 32 Tblt/S t \ E’hCrI%El%e from

6 x:100\Gbit/s
6 x 100/Gbit/s Eventbuilder network
\\

e “All data to the surface” g
* Decouple front-end electronics Dt]t] 2
from event builder network 000 Eventfilter Farm 5

D D D ~ 80 subfarms

e Frontend—=GBT—PCle

« GBT: Rad-hard, integrated T —
into front-end, so no - < ~ >
commodity solution "] GBTX ‘D :
possible... %

On-Detector o
Radiation Hard Electronics Commercia

» Buffering in PC memory



Event Bullding
@ 40 MHz Event Filter

(HLT) Network

“COTS” as soon as
possible

O(500) servers for event Events that are being

. . B <o cioing built on this machine
bUI|d|ﬂg PISIRIGEessing of ull | PO R )
“Data Center” (“thin”
switch, Infiniband/Ethernet/
...) instead of
“Telecom” (ATCA, “fat”

switch)

From

[Event Builder | Frontend
Network

Event Filter: O(1000)
servers




