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1250 members, from 79 institutes in 18
countries

Dedicated experiment for precision
measurements of CP violation and rare
decays

Beautiful, charming, strange physics
program

S — |

" LHcb ATLAS |,

- Genewa

LHCb MC
Vs=7TeV

pp collisions at /s = 7,8(13) TeV in
Run 1 (Run 2)

bb quark pairs produced correlated in
the forward region '

Luminosity leveled at
4 % 10*2cm 2571




LHCDb detector

interaction
point

vertex
locator

trackers

[Int. J. Mod. Phys. A 30, 1530022 (2015)]
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https://arxiv.org/abs/1412.6352

Introduction: production

e Huge strange hadrons production
cross-section at LHCb

Average particles in LHCb acceptance
per minimum bias event
at /s = 13 TeV

10°

e Production of particles in a minimum Alves et al. arXiv/1808.03477
o
bias event within the geometric
acceptance (400 mrad) o
e About 1 strange hadron per event Kt
(compared to ~ 1073 B? mesons) KYKY
. . 0
e Reconstruction and trigger however 100 A
bring this number down
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https://arxiv.org//abs/1808.03477

Introduction:

Reconstruction
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setting the (long) stage
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Large lifetimes for LHCb...
but the peak of an
exponential is at zero!

Different reconstruction
methods for the daughter
tracks

Upstream track
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LHCb Run 1 data-taking

LHCb 2012 Trigger Diagram

40 MHz bunch crossing rate

< U I

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

450 kHz 400 kHz 150 kHz

h* H/pp e/y

~ > <>

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive

selection algorithms

< U I

5 kHz (0.3 GB/s) to storage

2 kHz
Inclusive/
Exclusive

Charm

2 kHz
Inclusive

1 kHz
Muon and
DiMuon

Topological

LHCD trigger designed for heavy flavours
Muon (hadron) L0 trigger require
pT > [1 — 5]GeV

Too hard for primary strange hadrons

Hlt1 and HIt2 are software and customizable

No dedicated triggers in 2011, added a
K% — pTu dedicated trigger in 2012

Several generic (topological) triggers allowed
good efficiencies

Typical events contain more than one
strange hadron

= Strange physics Run 1 analyses mostly

based on data triggered by the rest of the
event (TIS)

iy
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Strange physics at LHCb with Run 1

Despite trigger and detector not designed for it

* World best limit on K§ — p*p™- EPJ.C, 77 2 17 LHCb A
10(2017)678 s TOS, bin 10
(See Miguel’s talk in “hot topics” session for & 10 3
the Run 2 update) \E; 1 ]

e Evidence for the X+ — pu*u~ decay and E
measurement of the branching fraction, 2 107 E
challenging to the HyperCP anomaly © 102 Eo ‘

PRL 120, 221803 500 550 600
(See my other talk for details) my,. [MeVv/c?]
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https://arxiv.org/abs/1706.00758
https://arxiv.org/abs/1706.00758
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-049.html

LHCb Run 2 data-taking

LHCb 2015 Trigger Diagram e Improved farm and algorithms: higher bandwidth

e Real time calibration between Hlt1 and HIt2

40 MHz bun ossing rate

O U’ ‘U’ e TFactor 2 in cross-section from /s
L]

- LO still limiting factor for strange physics
LO Hardware Trigger : 1 MHz

readout, high Et/Pr signatures | Software improvements for strange
e Complement forward tracking for very soft muons
implemented

450 kHz 400 kHz 150 kHz

€20-L102-dNd-9DOHT

e New HIt1 inclusive lines developed with focus on
strange physics

Partial event reconstruction, select

displaced tracks/vertices and dimuons written, dedicated to strange

- More than 6 fb~! on tape

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
W eaTe 219
o 207525 Ten 1T b 010 NP
o eEsTov: 16T Toudr

2015 65Tev039 0 1

] e Various novel HIt2 inclusive and exclusive lines

Buffer events to disk, perform online =

~

©

detector calibration and alignment

®

o T T

o oreoTenzon 6fthT*
Full offline-like event selection, mixture 7
of inclusive and exclusive triggers )

-

0 LSt /

12.5 kHz (0.6 GB/s) to storage
010 4 201 201‘3 QB‘M 2015 2016 2017 2018 Cagliari INEN" %

Integrated Recorded Luminosity (1/fb)

o

Year
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https://cds.cern.ch/record/2297352?ln=en

LHCb Upgrade data-taking

LHCb Upgrade Trigger Diagram ¢ TUpgraded detector for 40 MHz full readout
30 MHz inelastic event rate e L —=2x%10%cm™ 25!
(full rate event building)

= about 5 fb~! per year
<L - L L

-Software High Level Trigger : o L0 hardware trigger is removed from Run 3

[ Full event reconstruction, inclusive and ] °
e S

vent h ¢ ! HIt1 run directly on collision data
xclusive kinematic/geometric selection

L

Buffer events to disk, perform online

Fundamental step forward for strange
physics!

detector calibration and alignment

: ho4 :

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

\ J
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Future Upgrades

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

LHC Ls3

HL-LHC Ls3 Run4 | Y Runs |
WG Upgradela ] [ ] uderadew T ] [ upgraden =
1 1T [ ]

current LHCb — Upgrade | —— Upgrade Il—»
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https://cds.cern.ch/record/2636441

Sensitivity to Kg — 7out =

o K? — 7%t~ very sensitive to physics beyond the SM,
e.g. extra-dimensions [M. Bauer et al. JHEP 09(2010)017]

LT0-9T0C-dNd-90HT

e SM prediction with large uncertainty
Bsm (K — 7n%uTp™) ={1.440.3,09+0.2} x 107!

o Limited by knowledge of ChPT parameter |as| extracted from K2 — 7%t p~
branching fraction
o B(K%— nutp™) = (29715 £0.2) x 107 measured by NA48 Collaboration

[J.R. Batley et al. PLB599 (2011) 197]
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http://dx.doi.org/10.1007/JHEP09(2010)017
http://dx.doi.org/10.1016/j.physletb.2004.08.058
http://cds.cern.ch/record/2195218?ln=en

Sensitivity to K2 — 70utu~

¢ Studied sensitivity of LHCD to this channel in Run 2 and Upgrade scenarios

o Difficult reconstruction due to soft 7°

o 7% reconstruction non essential as constrained by very low g-value

e Double strategy: without 7° (Partial) and with 79 reconstructed from + pairs
e (Combinatorial background estimated with real data TIS events

e Peaking backgrounds studied with MC: none found to contribute in LHCb

o Statistical uncertainty on B(K% — 7°u* ™) as a function of luminosity times
trigger efficiency
e LHCb will be competitive with NA48 for trigger efficiencies of ~ 50% or larger

25 K9 — 71'011+,117

T
PARTIAL channel
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http://cds.cern.ch/record/2195218?ln=en

KO — o0t

o K ¢t¢ ¢4~ short distance sensitive to NP |, dominated by the long distance
contribution uncertainty

o Interference of A(K% — ¢4~ ¢7¢7) and A(KY — £T¢7¢7¢7) would give a
measurement of the sign of A(K{ — ) which is a stringent test of CKM

[D’Ambrosio et al - EPJC73(2013)2678] [Isidori, Unterdorfer - JHEP 0401 (2004) 009]

o KP — ¢te ¢t¢~ studied by different experiments but no experimental
constraints on K2 modes

B(K% — ete ete™) ~ 10710
BKS — ptpu=ete™) ~ 1071
B(K$ — ptp~ptp™) ~ 1071

e Sensitive to NP at same order of SM

Universita degli Studi di Cagliari (INFN %
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http://dx.doi.org/10.1140/epjc/s10052-013-2678-1
https://doi.org/10.1088/1126-6708/2004/01/009

Sensitivity to K2 — nrn ete”

o K3 — ntnete™ is a proxy channel for

KO — ¢t ote-

e Sensitivity study at LHCb with MC

e &~ 0.2%, limited by LO trigger
o B(K%—ntn ete™) = (47940.15) x 107°

With Run 1 conditions expected N = 1207

280
100

F T T
K atrete MC

. ) . e
I Good mass separation e

Candidates

ok
300 400 500

4 Teeas ppee

LHCb Simulation ]

910-9102-dNd-9DOHT

700

M(candidate) (MeV/c?)
events per fb~! of 8 TeV data on top
of about 3 - 10% background events. No multivariate selection applied.

¢ Dedicated HIt2 trigger line deployed in Run 2, still limited by HIt1 and LO

e Upgrade trigger will improve the efficiency on this and related channels sensibly

e In the ideal scenario of ~ 100% w.r.t. offline selection

Nezp =5 104 per fb71

o Similar efficiencies are expected for the K — ¢7¢~¢T ¢~ rare channels

o Single event sensitivities of order 9.6 - 107! per each fb™" in Upgrade conditions

!
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http://cds.cern.ch/record/2193358?ln=en

A glimpse into LHCb possibilities

e Dedicated paper with some of us 4 theorists to explore future possibilities
e Approximate simulations (validated on published ones) to get sensitivities
¢ Countless channels to be probed

Channel R €L €D or(MeV/c®)  op(MeV/c®) R = ratio of
KS = utu 1 1.0 (1.0) 1.8 (1.8) ~3.0 ~8.0 .
KS = 7ntn™ 1 1 (0.30) 1.9 (0.91) ~25 ~7.0 productlon
KO — nutp 1 0.93 (0.93) 1.5 (1.5) ~35 ~ 45 _ :
KQ = yutp~ 1 0.85 (0.85) 1.4 (1.4) ~ 60 ~ 60 € = ratio of
KS — prpmptp” 1 0.37 (0.37) L1 (L1) ~10 ~60 efficiencies
- ~1 2.7 (2.7) x107%  0.014 (0.014) ~3.0 ~ 7.0
—atata ~2 9.0 (0.75) x10™* 41 (8.6) x107* ~1.0 ~ 4.0
= atutuT ~2 6.3 (2.3) x107% 0.030 (0.014) ~15 ~45
e ~0.13 0.28 (0.28) 0.64 (0.64) ~ 1.0 ~3.0
~0.45 0.41 (0.075) 1.3 (0.39) ~15 ~ 5.0
A= pu v ~0.45 0.32 (0.31) 0.88 (0.86) - -
— A"y ~0.04 39 (5.7) x1072 0.27 (0.09) - -
0w, ~0.03 24 (4.9) x107* 0.21 (0.068) - -
—prw ~0.03 0.41(0.05) 0.94 (0.20) ~3.0 ~9.0
~0.03 1.0 (0.48) 2.0 (1.3) ~ 5.0 ~ 10
Q" — Ar ~0.001 95 (6.7) x1073 0.32 (0.10) ~ 7.0 ~ 20
Channel R €L €D oL (MeV/c?)  op(MeV/c?)
K snimele 1 1.0 (0.18) 2.83 (1.1) ~2.0 ~ 10
K = ptuete 1 1.18 (0.48) 2.93 (1.4) ~ 2.0 ~11
KT »ate el ~2 0.04 (0.01) 0.17 (0.06) ~ 3.0 ~13
£t — pete” ~0.13 176 (0.56) 3.2 (1.3) ~3.5 ~11
A—prete” ~045 <22x107% ~17(<22) x107* - -
Channel R €L ar(MeV/c?)  ap(MeV/c?)
K2 = pFe 1 1.0 (0.84) 1.5 (1.3) ~3.0 ~8.0
KY = pute” 1 3.1(2.6) x107® 13 (11) x107* ~3.0 STy~

Kt s atute ~2

3.1 (1.1) x1073

16 (8.5)x107*

~2.0

B

7.0
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https://arxiv.org//abs/1808.03477

Prospects for charged kaons

WEIGHTED AVERAGE
493.677+0.013 (Error scaled by 2.4)

¢  Enormous KT production but small

acceptance 2 scate acie s based uponne e n
{1 Geogram ony: Thoy ar 1ot ocos:
+ o+ sarily the same as our 'best’ values,
* Runlhas 1 M KT —arrn- T fully Ctlzng mossutemants of oher (e
TIS quantities as additional information.
¢ Measurement of the charged kaon mass ©
is under way to solve long standing M A A
. Lum 81 CNTR
dlsagreement BARKOV 79 EMUL 0.1
CHENG 75 CNTR 1.0
. . BACKENSTO... 73 CNTR __ 0.1
e With full software trigger YR
—10 . e . (Confidence Level = 0.0002)
0O(10~19) single event sensitivity per j

49355 4936 49365 4937 493.75 4938 493.85

fb~1 obtainable

© Kt oatputand KT = ateret 0 a@ SR RmloniyTs g
. S F K 1o
become accessible < F LHCb Ko o Bl
. . (] | 4
< (Alves et al, arXiv/1808.03477] . E 2000 Ay
v F E y r 1@
3 E - r - Data N~ 1M e
= E 3 g F — Full model B
o 03Kt o atpu—put 3 o 150~ Ko et jE
< (t — 777t mis-ID E % r ST ¥
@ E k] r Background o
g E 3 [ 1
£ 3 < 100 o oo
S E © r 24
E o r o
3 soF-
E 1 . . . . e T RV T < NI\ I
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https://arxiv.org//abs/1808.03477
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-049.html

Prospects for LEV modes

e Tests of lepton flavour violation are always important SM null tests

e Limits on kaon LFV are stringent but decades old
B(Kr — eTuT) <4.7x107"%  B(Kp — nle*puT) < 7.6 x 107

[E871 PRL81,5734] [KTeV PRL100,131803]
B(KT —»nte ™) <1.3x 107 B(KT = atetp™) <52 x 1071
[Sher et al. PRD 72, 012005] [Appel et al. PRL85, 2877 |

e Using B-physics LFU constraints, branching fractions of order 107! can be
predicted for Ks LFV decays [Borsato et al. PRD 99, 055017 (2019)]

Universita degli Studi di Cagliari (INFN %
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dx.doi.org/10.1103/PhysRevLett.81.5734
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.131803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.012005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.85.2877
https://arxiv.org/abs/1808.02006

Prospects for LE'V modes

e Electron reconstruction in LHCD is more difficult than muon due to

bremsstrahlung and lower trigger efficiency

¢ Preliminary estimates of prospects [Borsato et al. PRD 99, 055017 (2019)] [Alves et al.

JHEP05(2019)048]

e LHCD could improve limits and maybe touch the 10™'® region with full Upgrade

(2030s)

¢ Detailed full simulation studies are however not there yet

10—10 B

10—11

o - - pessimistic PID
107

B(K* — m"p*e™) 90% CL upper limit

optimistic PID
prie,m) > 03
wom pr(e,m) > 0.1

Background from K* only

Il 1 1
150 200 250 300

LHCb £ [fh™']

o
o
S
=
1<)
S
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https://arxiv.org/abs/1808.02006
https://arxiv.org/abs/1808.03477
https://arxiv.org/abs/1808.03477

A quick word on hyperons

LHCb can probe different hyperons and decays

o X7T: Besides the " — putp~, LHCb could improve the £+ — py and try to
access the 7 — peTe™ decay
e A
*  LHCb could improve the A — pmy branching fraction and try to access
A — prete™
*  Large number of BNV / LFV decays constrained by the CLAS collaboration
[CLAS PRD.92.072002] could be also tested and improved

LLFE0"808T/ATXIE “[& 30 SoA[Y

e For higher S number baryons LHCb could test AS = 2 processes, such as
20 — pr and Q — Ax improving limits by orders of magnitude

See also Alexandre’s talk in the “hyperon” session.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072002
https://arxiv.org//abs/1808.03477

Summary and conclusions

o LHCH expanding its physics reach towards strange physics
complementary to the core program

« Encouraging Run 1 results on Kg — pTu~ and X — putpu~
« Large samples available already on tape

fully exploiting existing data
« LHCDb major player for Kg and hyperons rare decays
« Complementary to KE and KT dedicated experiments
« Run 2 giving new results with improved trigger

o Upgrade trigger will allow unprecedented sensitivities on many
channels

Fhad -
£12 Universita degli Studi di Cagliari (INEN %
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Search for CP violating strong decays n) — 77~

=

st

Q

7

)

:

¢ QCD should violate CP symmetry (with a term £y = f#e“””"Fm,Fpa) %
but none is observed experimentally o

e 0 < 107! from neutron electric dipole moment (strong CP problem) g
e 7 5 777~ would be strong CP violating decays e
(=]

e nEDM limit constraints SM branching fractions to < 3- 10717
any evidence higher than this would be NP
e Best limits at 90% CL
B(n — 7r+7r_) <1.3-107° (KLOE ¢ — 1y (pLB606 (2005) 276] )
B(n' — 7l'+71'7) <55-107° (BESIII J/v — N taT [PRD84(2011)032006] )
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Search for CP violating strong decays ' — w7~

e LHCD strategy:

look for peaks in w7 mass from D(t) — T

e MVA operator to reduce background
o Normalisation: B(n") — zt77) =

e Constrained D masses and origin vertex improves resolution significantly

N0

+

1

777" decays (i.e. DZ;) )

B(DE satn=at)

DF srta—at Sn®)

* &, small correction to efficiency versus mnr

e 3fb~! of Run 1 and 0.3 fb~! of Run 2 data from Turbo stream

¢ Run 2 contribution enhanced by larger cross-section and trigger efficiency

= x10°
) L ‘ ]
E 1000 LHCb E
o C Run1 ]
< 800 —
g r ]
S 600 —
2 r . ]
8 a0 b Ds .
,ﬁ/ - N £ ]
200 N
[ Il L L |

1850 1900 1950 2000
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B<DE:)"7T+U(/))
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-046.html

Search for CP violating strong decays ' — w7~

¢ No excess on top of the background (signal phase space plus combinatorial)
e Upper limit on branching fractions with CLs method at 90% CL:
B(n—»ntr7)<1.6-107°
By - rtr7)<1.8-107°

9P0-910¢-dHdVd-9DOH'T

e 7 limit compatible with previous results, ’ limit improved by factor three

= x10°

T LhHob

regi / Lo
- 7) region 7' region;

\
- i

Candidates/ (1 MeV/c?)

Candidates/ (1 MeV/c?)

I T
520 530 540 550 560 570 580 590 600 610 620 630
m(eTT) [Mev/c]

Pull
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Kaon physics from ¢ decays
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e Huge ¢ production at LHC
o Exploit ¢ — KK~ decays in which one of the kaons is fully reconstructed

e Study final state of second kaon, also partially reconstructed thanks to the ¢
constraint

o 0O(10") tagged ¢ — KK decays per year in the upgrade *
e For example study K+ — ev (tag also initial Kaon leg with RICH1)

[ R e .
*See talk by Vava Gligorov, Rare’n’Strange Workshoﬁfﬁ"itgﬁéﬁ'fl‘rtl%iflceciléesrtr‘fflc'h?egghlt‘?gg@?ON‘/ %
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