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General aspects for a HL/HE LHCb
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Many challenges ahead
e Improve tracking system/trigger to fit in timing constraints
e Maintain or improve the current resolutions (mass, impact parameter, pr, ...)
e Development of faster simulation methods
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Tracking performance

L x 10 is challenging for tracking:

Expected pile-up ~ 50

Selection of b and ¢ hadrons is based on the
flight distance

Requires correct association of production

vertex and decay vertices

13% mismatching for b-hadron decays if we
keep the Phase-lI Upgrade configuration

[CERN-LHCC-2017-003]

With a track hit time resolution of ~ 200 ps,

we recover the current levels
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https://cds.cern.ch/record/2244311

The VELO RF foil

LHCb simulation
RF box

cooling
conn.

cooling
substrate

Total material: 25.01%X

e The RF foil separates VELO vacuum from primary LHC vacuum
e Isolates sensors from radio-frequency pickup
e Introduces a lot of material right in front of the interaction point

e Increases the resolution on the impact parameter due to multiple scattering
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Removal of the VELO RF foil

e A lot of effort has been put on reducing the amount of material

e For charm and 7 decays (and partially reconstructed B decays), the impact parameter

resolution is crucial

RF foil removal is risky, but the improvement is very big!

=] T
20.14F —— Scenario 1
5 5
S0.12F —— Scenario 2
o) .
% 0.1F -1
=] .
=
5 0.08f . E
0.06 § 4
0.04| B
0.021- b
o L | L
0 2 4 6
Pseudorapidity

Scenario 1: With RF foil

Miguel Ramos Pernas

g

Track Efficiency

53
o
S

0.9

—s— Scenario 1

T
90F LHCb simulation
S0F Scenario 1

70F — Scenario 2

IP,;, resolution [m]

Future of charm, strangeness, ‘ri at LHCb

. — Scenario2
. ! . .

3 4 5 GO 2 3

Pseudorapidity Up_ [GeV-lc]

Scenario 2: No RF foil

(HL/HE LHC meeting, Fermilab, April 5, 2018)

[CERN-LHCC-2017-003]

4


https://cds.cern.ch/record/2244311

Improvements on the trigger

For the Phase-l Upgrade:
LHCb Upgrade Trigger Diagram .
30 MHz inelastic event rate ° Lo.os.e E,T and pr cuts, increase the
(full rate event building) efficiencies to study soft processes (charm,
strange and 7 decays)

‘Software High Level Trigger e Dynamic mix of inclusive and exclusive lines
Full event reconstructmn, inclusive and . .
[ ive ic/ ric se|ect.o,.s] e Only the requested information from the
O . event is saved [arXiv:1604.05596]

More efficient particle identification and

Buff ts to disk, perf Ii i .
PP L [ Gl reconstruction algorithms

detector calibration and alignment

U : o Efficiencies up to ~ 90% are possible
'4 “
Add offline precision particle identification For Phase-lIl...
and track quality information to selections
Output full event information for inclusive e Tighter throughput constraint
triggers, trigger did and rel
primary vertices for exclusive triggers .
\ J e Maybe need to restructure the trigger
2-5 GB/s to storage o Usage of GPUs, FPGAs, etc... for simple

processes
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https://arxiv.org/abs/1604.05596

Interest on charm decays

Charmed hadrons provide the only way to study CP violation (CPV) with up-type quarks
After the Phase-Il Upgrade, LHCb will have recorded the largest sample of charm hadrons
ever
This would constitute over 2 orders of magnitude of what is expected for Belle Il in
DO — pth=, DO — K3hth~ (h=m, K)
To study CPV, huge statistics needed for both real data and simulated samples
Direct CP violation /_\Acp _ Tpony—Tposg
FDOHf+FDO~>f7
CP violation in e Ry => MESG D
DY < DY mixing D1:p|D0>—q‘DO> IEml;m2
I'; = decay width of D
_ _ Iy—T A/ K k2
Dy =p|D°) +q|D?) y= "2

CP violation in the \ r_ D1+0o
interference mixing-decay \/qﬁ = arg (E) = —a
P
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Direct CPV

e Direct CPV is not so cleanly predicted,
smaller than ~ 1073 [arXiv:1608.06528], close
to the current sensitivity.

e LHCb has the best measurements of
DY - KT*K~ and DO — 77—
asymmetries:

Acp(D° — KTK™) = (0.044£0.124+0.10)%

Acp(D® = 77 7) = (0.07+£0.14 £ 0.11)%

e The main systematic comes from the
statistics of the control samples, like
Dt — [(gﬂr+
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[Phys.Lett. B 03 (2017) 62]

(For Phase-1l Upgrade
o(ATE — ABK) ~ 107
Opportunity to measure CP asymmetries
with charmed baryons:
o AL sensitivity o(Acp) ~ 1074

o =4 sensitivity o(Acp) ~ 1073

-
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https://arxiv.org/abs/1608.06528
https://www.sciencedirect.com/science/article/pii/S0370269317300795

Indirect CPV

e CPV in mixing-related phenomena are
predicted to be ~ 104 or less
[arXiv:1510.05797]

For Phase-ll, the expectation is to bring
these parameters down to:

. . o(z)~107°  o(y) ~107°
e Direct access to CPV observables like z,

v, la/p| and ¢ o(la/pl) ~ 1073 o(6) ~1073()
o Current results are limited by statistics No-mixing =z =y =0
1 H — O —
e Improving the Kg reconstruction would N No CP violation = ¢ = 0° and |¢/p| =1
help to study DO — KOhth~ [CERN-LHCC-2017-003]
. 0012 : : =~ : : -
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https://arxiv.org/abs/1510.05797
https://cds.cern.ch/record/2244311

Rare decays

e Rare charm decays constitute a unique
probe for New Physics in the up-quark
sector

e Relatively unexplored

o Higher-order diagrams are very
suppressed

e b-anomalies make progress on studying a I
¢ — u more pressing

+
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Rare decays

D° - hth—ptpu—
e Observed the first signal of leptonic

decays of ¢ mesons [Phys. Rev. Lett. 119,
181805]

e In Phase-ll, high-statistics amplitude and
angular analysis (disentangle between
SD, LD)

D° — ptp—
e Expectation for Phase-ll:
B(D® — ptp=) ~10710

e Particle identification is crucial to reduce
the background from D% — hth—

Candidates per 5 MeVie:

—Fit
Dlosriruu
| s

====== Comb. backg.
s s

1850 1900 1850 1900
m(D") [MeV/e?]

Searches also for D — hil, AT — putu~—, ...

Possibility to explore the electron modes starting in Run-II

With an improved ECAL, search for radiative charm decays?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181805

The magnet stations

Magnet

& N
Magnet Station
low-momentum tracker

—_—=

e DY mesons are usually tagged using e

D*t = D0ﬂ.+ 4000) 1 uT& MS
soft [ UT & Scifi
3500
e The track of the W;t;ft has a high chance of 3000
running outside the detector 2500

e Aim to place tracking stations in the magnet 0

1500)

region
1000
e Gain of 21% for D**+ — DO(KW)W:;& 0
* 3 : ' ’
e Improvements also for R(D*), Heavy lon, ... * e Momentum ., [MeV/c]
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Strange decays at LHCb

EcaL HCAL
SPD/PS M3
Magnet RICH2

3

/1/Iricny
a4 T

Pythia .
Generator level —Xs

V5 =8TeV A
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e Huge production of strange
hadrons at LHCb

Larger lifetimes

O(1013) /b1 Kg decay inside
the VELO

Efficiencies have been proved to
be high enough already in 2011,
using the K& — utp~ analysis
as a benchmark

e Many possibilities to study: Kg,
A0, o+ =, L

Currently developing tracking,
particle identification and tagging
algorithms

(HL/HE LHC meeting, Fermilab, April 5, 2018) 12



K — ptp~

o Flavour-changing neutral current (FCNC) transition
o Dominated by long distance contributions through K9 — ~

3 (Kg — ,u"",u_) helps to kill models with leptoquarks [arXiv:1712.01295], or supersymmetric
contributions [arXiv:1711.11030], [arXiv:1712.04959]

o Study of the interference between K9 — u*p~ and K% — ptp~ allows to determine
sign(Ai,w)

B(KS — ptp™) = (5.18 £1.50 £ 0.02) x 10712

(6.85+0.80 £ 0.06) x 1079 if A} _ >0 AGKY 3 )

B(K? = utu) = AH :sin<—
(KL = whn”) (8.11+£1.49+0.13) x 1079 if AF <0 £ T AKT S (@ =)

[Nucl. Phys. B366 (1991) 189] [JHEP 01 (2004) 009] [Phys. Rev. Lett. 119, 201802 (2017)]
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https://arxiv.org/abs/1712.01295
https://arxiv.org/pdf/1711.11030v1.pdf
https://arxiv.org/pdf/1712.04959.pdf
http://www.sciencedirect.com/science/article/pii/0550321391900564?via%3Dihub
http://iopscience.iop.org/article/10.1088/1126-6708/2004/01/009/meta;jsessionid=5DD24428FC8EA38929B17C854AFB8682.c1
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.201802

K2 — ptp~ invariant mass

H
<
m

T T T
— 17t hypothesis LHCb
- u*u” hypothesis

=
(=]

=

e Backgrounds are currently under
control

Candidates/ (1 MeV/c?)
=
<

I Eau RTTT MERATET MERTTTT ERTTTTY MR

. Kg — w7~ with the two pions
misidentified as muons dominates the
spectrum

Il Il
460 480 500 520
Invariant mass [MeV/c?

e Benefit from improvements on muon —~ T 3
identification at low- = 5 i}
pr > w0 LHCb 4
= TOS, bin 10§
e Currently we have a very good o 10 3
resolution around the Kg mass = :
w -
(~ 4MeV/c?). Mantaining it is 2 !
letel . = b
completely necessary. 2 0 ]
= E
o s
2 | 1
1 500 550 600

m.,- [MeV/c?]
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5230-x

K2 — ptu~ prospects

Now we are here!
At high luminosity, another enemy appears... [Eur. Phys. J. C (2017) 77: 678]

. K% — pT ™ is an irreducible background
(B = (58 +0.6 + 04) x 109 [Phys. Rev. Lett.
63, 2185])

For Run-l, Ber (K9 — pF ™) was out of the
sensitivity ~ 1071

With 300 fb—1, both branching fractions will
be of the same order of magnitude

Need to define a strategy to differenciate
K%+ K9

T T
0 50 100 150 200 250 300

BR (K,->py) limit at 95%CL [x10°]

Having a good proper time resolution is
crucial!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.63.2185
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.63.2185
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5230-x

Kg - mOutp~

e SM prediction of K¢ — n0p+tpu~

0

depends on the measurement of [CERN-LHCb-PUB-2016-017]
0 0 —\ _ 9 gtlb -9

B(KY = nOutp=) =293 x 10 T ook ———————————————
[Phys. Lett. B599 (2004) 197] L 800F E
B 700F 3
e Current kaon experiments do not E 600F e E
expect to improve such measurement N, 50pF  LHooSmution -~ PARTIAL 3
o & 400F E
e A sensitivity study was performed at S 3005 3
LHCb o E E

e Low T

LHCb

reconstruction efficiency at

550 600
Mg, [MeV/cT]

e The Kg mass does not depend too
much on the information from the 7°

FULL: fully reconstruct the candidate

Two possible strategies

PARTIAL: omit the 79 reconstruction
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http://www.sciencedirect.com/science/article/pii/S037026930401247X?via%3Dihub
https://cds.cern.ch/record/2195218?ln=en

K2 — w%utp~ prospects

3.0

T T r T r

FULL channel i ¢ i PARTIAL channel
25 254 : - | 4

0.0 i i | 0.0 ; : ] ;
0 20 40 60 80 100 0 20 40 60 80 100

ETRIG L [fb-J] STRICIL [fb-l]

o Beating the NA48 measurement [Phys. Lett. B599 (2004) 197] is possible in the upgrade
Lt > 5 b1

o Best strategy omitting the 70 reconstruction

o Maybe benefit from an upgraded ECAL
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https://cds.cern.ch/record/2195218?ln=en
http://www.sciencedirect.com/science/article/pii/S037026930401247X?via%3Dihub

Other strange friends

There are many other interesting studies that

can be done at LHCb: [LHCb-PAPER-2017-049]
~ r — T T T T T T ]
e K% — ztz~1*1~: highly suppressed in S 10f I puty LHCb h
the SM (~ 10~ for muons) s « Data ]
o 8 — Fullmodel
S s ]
o Kt — 7t putp~: maybe competitive g o Backg;)r;c;u;r:d 7
with NA62 (LFU) £ f ]
T ]
2 4
e Semileptonic/rare Hyperon Decays ©
(A° = pp~ o, BT = pptu, ) A el et ]
0 IS RERIeNITNEE
1200 1300 1400

e K% — ntp~u: no measurement at
present (Vus, CPT, LFU)

My, [MeVic?]

For the moment, everything very preliminar in most cases:
e No dedicated trigger lines for SHD or K2 — ntp~v (B ~ 1074)
e Apart from ¥t — putp~, nothing published so far, set benchmarks for Run-II

e Tracking is challenging for K1 studies (flight distance ~ m)
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-049.html

T decays

e | HCb was the first experiment to search for LFV 7 decays on a hadron collider

e Inclusive production of 7 leptons, mainly from b and ¢ hadron decays

e Calibration and normalization channel Dy — ¢(utp=)r™

90% CL upper limits on © LFV decays

108

10°°

+

+++44

HFLAV
==t

+ +
1T +
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T = ptuTpT
e Getting close to B-factories (ongoing studies with Run-Il data samples)

o With ~ 300 fb~!, we expect B (T* — ,u*//fu*) < 3 % 1079, similar to what is expected
for Belle 2 with 50 ab™!

e Irreducible background of Dy — n(utu=v)p~ Dy, reduced with cuts in Myt -

o Benefit from any improvement on the ECAL

L Manoay € [0.94,1.0]3
E sE (b) Mepmp € [0.80,1.0]
" b LHCb 1 =
~ E =
2 E o
Z E &
E q v
g 1] :
1600 1700 ‘18‘00 1900 10
m(uprp) [MeVie?) B(r—up) [x 10%]
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https://link.springer.com/article/10.1007%2FJHEP02%282015%29121

T~ > putpuT and T — puTp”

e Test for models where |[A(B — L)| =0, 2

o Analysis done using the data sample from 2011 (no update since then)

e Clean signature, no expected peaking backgrounds

o We might expect a factor of 20 of improvement using the full Run-(I - V) samples

=]

é_ (b) Ma3poay € [0.40,1.0]

Candidates / (10 MeV/c2)

l

Candidates / (10 MeV/c?)
S~ N W & o

E ()

[ M3abody € [0.40,1.0]

LHCb

1700 1800 1900
m(Eutu) [MeVic?]

[Phys. Lett. B 724 (2013) 36-45]

m(pu 1) [MeV/c?]

B(r= = putp~) <33x1077 B(r~ = pup~) <44x1077
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https://linkinghub.elsevier.com/retrieve/pii/S0370269313004450

Conclusions

e LHCb has a big power of adaptation to new fields

e Tracking and trigger improvements are crucial:
o Tracking efficiency
o Ghost removal
o Low-pr reconstruction

o Full software trigger

e An upgraded ECAL allows to better control backgrounds and use other normalization
channels

e |arger samples of both real and simulated data allows approaching SM predictions for CPV
in charm decays

o New possibilities to study strange decays at LHCb, reach SM prediction for Kg — ptp~

e Expected a very big improvement on 7 decays, competitive with B-factories

Miguel Ramos Pernas Future of charm, strangeness, ‘ri at LHCb (HL/HE LHC meeting, Fermilab, April 5, 2018) 22



BACKUP
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The LHCb detector in Phase-1l Upgrade

Side View Tungsten
Magnet & Nef,g,AL
Magnet Stations  §ciFi TORCH  spieiding
&Silicon , RICH2
Tracker

Locator & i A\

Phase-II Upgrade

[CERN-LHCC-2017-003]
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https://cds.cern.ch/record/2244311

LHCb schedule

Run IIT
ﬁ [ ] ﬁl

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

Run IV Run V
L

LHCbD 40 MHz L=2x10 LHCD Consolidation L=2x103 LHCb PhII [ =2y (3¢

UP(;'I‘RaA’EE 50! UPGRADE * 300
ATLAS ATLAS HL-LHC ATLAS HL-LHC
Phase I Upgr L=2x10°¢ Phase II UPGRADE L=5y 105 L=5x10%
CcMs 300 ! cMs cMs 3000 fb-!
Phase I Upgr . Phase II UPGRADE ’
Belle IT Sab!  L=8x10" 50ab”
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Track types at LHCb

Upstream track

T1 T2 T3
uT /—
VELO Long track
Il
VELO track Downstream track
T track
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Trigger definitions

Triggered
event

ny Trigger? no o no Trigger? yos

Trigger?

TOB

TRIG a Where:

a = NTRIG — NTIS — NTOS 4 TISTOS
; b = NTOS — NTISTOS
. C = NTIS — NTISTOS

d = NTISTOS
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LHCb trigger diagrams

LHCb 2012 Trigger Diagram

40 MHz bunch crossing rate

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

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

400 kHz
H/up

150 kHz
e/y

450 kHz
h*

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive
selection algorithms

5 kHz (0.3 GB/s) to storage

2 kHz
Inclusive/
Exclusive

Charm

1 kHz
Muon and
DiMuon

2 kHz

Inclusive
Topological

Miguel Ramos Pernas

Future of charm, strangeness, ‘ri at LHCb

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

400 kHz
H/up

150 kHz

450 kHz
h* e/y

:. 'S;J}t.ware ngh ‘Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

g Ir L 4 O )

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event bui

:Software High Level Trigger

[ Full event reconstruction, inclusive and ]
i i ic/ ric i

: >

Buffer events to disk, perform online

detector calibration and alignment

: 'S :

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

\
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D° — putp~ mass distributions

T 120F ' ' E
> F @ LHCb ]
s 100 ; }N ?
w L -
2 .
% of Tt # +++E
3 r g -}c ]
5 4 +,x++ E
5 20EF 4 3
id i .

150
oy [MeV/c?]
LHCb

——

Candidates / (10 MeV/c?)

I

| A
1800 1850 1900 1950 2
My [MeV/c?

[=g ITTT1

00

[Phys. Lett. B 725 (2013) 15-24]
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https://www.sciencedirect.com/science/article/pii/S0370269313005121?via%3Dihub
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The di-muon triggers for

Run-I11

Efficiency Kg — ;/,+;A7 Kg — 7r0/.t+u7
LO 0.361 £ 0.004 0.344 £ 0.009
HLT1/L0 0.699 + 0.007 0.705 4+ 0.015
HLT1/LO (old) 0.274 £+ 0.006 0.299 + 0.015
HLT2/HLT1 0.9898 + 0.0017 0.983 £+ 0.005

HLT2/HLT1 (old) 0.293 4+ 0.013 0.26 £+ 0.03

global 0.250 £ 0.004 0.238 £ 0.008
global (old) 0.0290 + 0.0015 0.026 £ 0.003

green: trigger with new lines

red: trigger without new lines

e Big increase on the efficiencies: a factor
~ 2.4 for HLT1 and ~ 3.5 for HLT2

o Total efficiency increased by a factor ~ 10

Miguel Ramos Pernas

Future of charm, strangeness, ‘ri at LHCb

VeloTT Tracks
pr > 500 MeV/c

yes no

Get long track  MatchVeloTTMuon

Forward Tracking
Fit tirack
Cuts on track
IsMuon
Make dimuons

Additional cuts

Decision

[CERN-LHCb-PUB-2017-023]

(HL/HE LHC meeting, Fermilab, April 5, 2018)


https://cds.cern.ch/record/2297352/files/LHCb-PUB-2017-023.pdf

Kg - mOutp~

Randall-Sundrum model

B (K9 — «%tp~) has a variation of ~ 1 . L : lﬂ
order of magnitude in models with extra di- 10 .
mensions. — Yo

T 8 K

= s P

0 0747— 1 ] P . won
B(KY = x%t™) g, = (odi,iqm\asu S
! 2 1 1 —12 e .-
Clilas> +CL, + CS) x 10 T L
) o
. . A s
las| = 1.2 £ 0.2 dominates the theoretical , .
uncertainty. Comes from the measurements [JHEP 1009:017,2010]
of B(KY — n01+i7).
0

o
0
=1

40 60 80 100 120
B(K; - %) [1071]

Large uncertainties on B (K9 — n0utp~) = 2.971:5 x 107° (NA48) [Phys. Lett. B599 (2004) 197]
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