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Introduction

—
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« LHCb experiment at the LHC 10 Y
¢ designed mostly to study b and ¢ decays 50 5
« trigger efficiency close to zero for s decays 10 DE-zo
* Very large strangeness production at the LHC (a}?md ~ 1.2 barn) v
« World - best results on Kg » u*u " (Run I+ 1) and £* » p u*u™ (Runl) " 5B
* Major trigger improvements for s decays in Run-II (2016-18) and beyond "
107# J/y
« Two upgrade phases Exciting prospects for
s physics at LHCb

*  Upgrade 1 (2022 —2030): Data taking has already started
* Upgrade 2 (2031 - 2035): Framework TDR published (CERN-LHCC-2021-012)



Strange physics at the LHC

—

* Transverse momentum is a standard handle at
the LHC to separate signal from generic pp
collisions

e Doesn't work for strange decays due to very low
pT decay products

« Can be compensated by requiring large
separation between the pp collision and the kaon
decay point

s physics

30 - 40 GeV

~1-2GeV

0.08 GeV
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Irigger system

Main bottleneck
for K physics:
pT > O(GeV)

irreversible

% HLT1 Not designed % HLT
(Software) s (Software)

but flexible
RunlI+1II

Upgrade(s)

Dedicated K
HLT2 triggers

(Software) implemented in
Run II

LHCb upgrade(s):
Erig(RunD~1—2% « improved HLT £trig (2022 +)~ 100%
Etrig(Run I ~ 18% (dimuons) — . Maximum allowed by L0 ~30%



Recent strangeness measurements at LHCb

[PRL 125, 231801 (2020)], [PRL 120, 221803 (2018)], [arXiv:2212.04977v4]
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K — utu: motivation

e —

JHEP 05 (2018) 024, JHEP 0401 (2004) 009, NPB 366 (1991) 189
*  SM prediction: BR(K{ - “+“_)5M = (518 + 150, +0.025p) X 107 12

» Sensitive to different physics than K — u*u™: NP contributions can be an order of magnitude

higher than the SM value and can even saturate [JHEP03(2022)048] the current limits
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Example of a SUSY scenario JHEP 05 (2018) 024 Leptoquark scenarios from JHEP02(2018)101 ¢



LHCb-PAPER-2019-038

KS(') = ‘L[-I_‘Ll_ latest I‘eSUItS arXiv: 2001.10354

PRL 125, 231801 (2020)
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sk LHCb-PAPER-2019-038
KS(.) e 3 ,Ll+‘u latest results arXiv: 2001.10354
PRL 125, 231801 (2020)

—

0% 95%

«  Full Run I +II dataset (9 fb~!) analyzed

LHCb
8 *  No evidence of signal (1.4 o)
t}gg 6 Run 1 only
— | | === Run 2 only
<] .
G4 T Combimation BR(K? > utyu~) < 2.1 x 1071° @ 90% CL

B(K% — pu™) [x1071]

Atlos BROUG -ty =09 5210772



arXiv: 1808.03477

KS(') o ‘Ll+‘l,l_ prOSpeCtS JHEP 05 (2019) 048
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B(K2 — ) limit at 95% CL [x1079
s
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Expected to reach sensitivity close to the SM prediction with the Upgrade Il



The 2% — pu*u~ decay: the HyperCP evidence

 BRET->putp)=(8.685+55)x1078 prL 94021801 (2005)

+ Consistent with the SM expectation

1.6 <BR(Z" - pu*u*)SM[x 10‘8] <9 PRD 72 074003 (2005)

All three observed events had the same dimuon mass (214 MeV)

The HyperCP collaboration (E871) at Fermilab found evidence for the £* — pu*u~ decay

()
« Existence of a new neutral particle at that mass suggested 0%
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>* - putu” at LHCb

—

*  4.10 evidence using Run I data 3fb~1): BR(Z™ - putp) = (2.2113) x

* No evidence of resonant intermediate dilepton state

LHCb-PAPER-2017-049

arXiv:1712.08606
PRL 120, 221803 (2018)

108

e Run II data: ~ 150 events expected allowing us to measure Arp (analysis ongoing)

¢ Upgrade(s): ditferential decay rate measurement
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10 years ago this channel was considered impossible at LHCb. Now we are considering amplitude analysis
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K' Sy atlHCPH

—

e Search for KSO(L) — uupp decays, heavily suppressed in the SM: 1073 (K), 10~ 4 (KJ)

* No events found in signal region (Run I +II): world’s best (first) upper limits on these decays

s
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K° - utu~u*u~ at LHCb: prospects

—

e ——————

¢ Prospects for the next LHCb Upgrade(s) are excellent

¢ Scan most of the allowed range in BSM models (e.g. dark photons)

* Get close to the SM sensitivity if no signal is found

BIK = u—u*u~)

1079 4

10710

10 11

10—12 ]

D. Martinez Santos * 90%cCL
talk @ KAON 2022 * %19

Dark Photons U(1)y+ S

90% CL exclusion

—_

Dark Photons U(1) 4+ S
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https://conference-indico.kek.jp/event/169/timetable/#all.detailed
https://conference-indico.kek.jp/event/169/timetable/#all.detailed
https://conference-indico.kek.jp/event/169/timetable/#all.detailed
https://conference-indico.kek.jp/event/169/timetable/#all.detailed

Prospects for other strange decays
at LHCb

[JHEP 05 (2019) 048], [LHCb-PUB-2016-017], [LHCb-PUB-2016-016], [PRD 99 (2019) 055017], [arXiv:2201.07805]

e —————
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LHCDb sensitivity to strange processes

—

Channel R €r €D or(MeV/c?)  op(MeV/c?)
K2 — ptp~ 1 1.0 (1.0) 1.8 (1.8) ~ 3.0 ~ 8.0
K — ntn 1 1.1 (0.30) 1.9 (0.91) ~ 2.5 ~ 7.0
K? — nutp~ 1 0.93 (0.93) 1.5 (1.5) ~ 35 ~ 45
K0 — yptp~ 1 0.85 (0.85) 1.4 (1.4) ~ 60 ~ 60
K?— ptpptp 1 0.37 (0.37) 1.1 (1.1) ~ 1.0 ~ 6.0
KO — ptp~ ~1 2.7 (2.7) x10~2  0.014 (0.014) ~ 3.0 ~ 7.0
Kt s atata ~2  9.0/(0.75) x1073 41 (8.6) x1073 ~ 1.0 ~ 4.0
Kt = atptu~ ~2 6.3 (2.3) x10~2  0.030 (0.014) ~15 ~ 4.5
St = putps ~0.13 0.28 (0.28) 0.64 (0.64) ~1.0 ~ 3.0
A —pr ~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) - -
= = Ap, ~0.04 39 (5.7) x1073 0.27 (0.09) - -
BT = X0y ~0.03 24 (4.9) x1073 0.21 (0.068) - -
E-oprw ~0.03 0.41(0.05) 0.94 (0.20) ~3.0 ~ 9.0
20— pr- ~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) ~T7.0 ~ 20

Channel R €L €p or(MeV/e?)  op(MeV/c?)
K? — ntr~ete 1 1.0 (0.18) 2.83 (1.1) ~2.0 ~ 10

K% = ptp—ete 1 1.18 (0.48) 2.93 (1.4) ~ 2.0 ~11

Kt — rtete” ~2 0.04 (0.01) 0.17 (0.06) ~3.0 ~13

T — pete” ~0.13  1.76 (0.56) 3.2 (1.3) ~ 3.5 ~ 11

A —prete” ~045 <22x107% ~17(<2.2) x107* - -
Channel R €r, €p or(MeV/e?)  op(MeV/e?)
KY— ute” 1 1.0 (0.84) 1.5 (1.3) ~ 3.0 ~ 8.0
K = ute” 1 3.1(2.6) x107* 13 (11) x1073 ~ 3.0 ~ 7.0
Kt s rnfute ~2 3.1 (L.1) x107® 16 (8.5)x1073 ~ 2.0 ~ 8.0

R — ratio of production
€ — ratio of efficiencies

* Approximate simulations (validated with published ones) to get sensitivities

¢ Many channels to be probed

 In this talk I will focus on some of the more interesting channels where sensitivity studies are

available
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K¢ —» m°utu~ at LHCb: Sensitivity study

l : / Sensitive to BSM

0 2 2

BR(KL o 7T01+l )SM (Cdlr * G int X |aS| T Cmix X |aS|2 i C%(Y) X 10 - VMD model assumption
NA48 results

A = —1.61’?% ,bs = +10.8t§;;7L PLB 576 (2003) 43-54
nt o ¥ SoS]A i +8.
BR(KE i T[OI-J-+|J- )SM S {14_ + 03, 1.0 + 02} X 10 11 Ag = h 1950 heds =1 1:37 00 PLB 599 (2004) 197-201

JHEP 08 (2006) 088 Theory
|asl 8 b e
|b | N PLB 797 (2019) 134891
Sz U T

©  C§ir = (4.62 1 0.24) X (W2, + w2,) Chi. = (1.09 £ 0.05) x (w2, + 2.32 X wZ,)

* Cihe=(113£03) X wyy « Ct.=(2.63+£0.06) x w,y
o anx =145+ 0.5 5 anx = 3.36 + 0.20
L] € ~

Crnix ~ 0 i s et O

Im(AeXy74,7v )
ImAt

« ImA, = (1.407 + 0.098) x 104

Wog gy = . yo(u~1GeV) = 0.73 + 0.04,  y,,(My,) = —0.68 + 0.03
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K¢ —» m°utu~ at LHCb: Sensitivity study

/ Sensitive to BSM
0 07+71— 22y l l l 2 l —-12
BR(KP - m®IT17) sy = (Chir  Cipe X |agl + Chyix X las|? + CLy) x 10 o _
model assumption
NA48 results
ag = —1.6%21 bs = +10-8f§j§ PLB 576 (2003) 43-54
M) s M +1.6 £ +8.
BR(KR - mutu )SM = {144+03,1.0+ 02} x 10711 ag = +1.955% bg = —11.375=2 PLB 599 (2004) 197-201
JHEP 08 (2006) 088 Theory
lag| = 1.3 + 3.2

Ibs| = 18.0 + 11 PLB 797 (2019) 134891
SilZes U T

* Significant |ag| uncertainty that makes BSM interpretations of K> - n%u*u~difficult
> Comes from the experimental uncertainty on BR(K¢{ - 7°1*17)

«  BR(KQ - rlutu) = (2.9%13) x 1077 PLB 599 (2004) 197-201

NA48

«  BR(K - rlete) = (3.0%13) x 1072 PLB 576 (2003) 43-54

NA48

Improved measurement of Kg — m%u* u~ will translate into improved BSM constraints from K; > n%u*tpu~

16



[107]

STAT

K¢ —» m°utu~ at LHCb: Sensitivity study

Much more background but ~ 1000 times more signal

3.0

204

1.5 1

1.0+4-

0.5

0.0

o5 i_________________J _________________________________________________

PART lAL channel

LHCb PUB 2016—017

____________________________________________________________________

1
80 100

Phase II Upgrade — 300 fb~!

NA48 results
ag:=—1 6+18,b5 = +10. 8+
ag = gl 24 bg= —11. 3+

PLB 576 (2003) 43-54
PLB 599 (2004) 197-201

Theory
lagl =1.3:%£ 3.2
Ibs| = 18.0 + 11 PLB 797 (2019) 134891
sl =1o.0x

Projected statistical uncertainties on ag under various analysis conditions

Configuration Phase I Phase II
BR & ¢* fit 0.25 0.10
BR & ¢? fit with NA48 constraint 0.19 0.10
BR & ¢ fit fixing bg 0.06 0.024
as measurement from BR alone 0.06 0.024

JHEP 05 (2019) 048
17



What about K¢ - yutu=, K¢ - Xutu=, K — Xmu?

—

0.09

K9 > mutun  JHEP 05 (2019) 048
0.08

Entries/(MeV/c?)

0.07 Kg, - n'"'n'_

0.06

0.05

0.04

0.03

0.02

0.01

8

==
—1

550 600 650 700
Mass [MeV/c?]

o

Entries / (MeV/c?)

0.03

0.025

0.02

0.015

0.01

K — m°utu"analysis can be extended to other neutrals (e.g. K§ — yutu™)

Harder to separate from K¢ — n*n~ (m, < m,o): a cut on the energy could be used

“KY > yutp JHEP 05 (2019) 048

K)-> ntm

Mass [MeV/c?]
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K S

K° > 1Tt

*  SD component sensitive to New Physics

¢ dominated by LD uncertainties

Interference between A (K — [T171717) and A(KP - [TIT1717) would give a measurement of
the sign of A(K? — yy) [EPIC 73 (2013) 2678, JHEP 0401 (2004) 009]

K7 - 17171 studied by other experiments but no experimental constraints on the K{modes

(except for the recent LHCb result on K§ — ututu—u™)

BR(K) > ete"ete ) ~10710
BR(KY > p*pete™) ~10711
BR(KY » ptp ptp) ~ 10714

Sensitive to New Physics at the same order as the SM contribution

19



Kl Sn'nee

- KQ - nmtntete” can be used as a proxy to study the sensitivity

to K — IT1*171~ decays

*  Sensitivity study using LHCb simulations

« BR(KQ->nmntntete”) = (4794 0.15) x 1075

« KQ - ntntete™ sensitivity with Run 1 conditions:
« 1201730 expected events per fb™! of 8 TeV data

« ~3x 103 expected background events (no multivariate selection)

* In Run 3 with ~100 % trigger efficiency: 5 x 10* events per fb~!

»  Similar efficiencies expected for the K§ — [*It171™ rare channels

Candidates

Candidates

300 400 500 600 700

1 T 1
e TTEee

. mmee as uuee

LHCb Simulation

M(candidate) (MeV/c?)

LHCb-PUB-2016-016

e de

4+ mnee as 4e

LHCb Simulation

0 500 1000
M(candidate) (MeV/c?)

* Single Event Sensitivities of ~9.6 x 107 per fb~? of collected data in Upgrade conditions
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Semileptonic Hyperon Decays (SHD)

¢ Many muonic modes have still poor precision
(15%-100%)
 Pro: High BR(~10~*) - huge yields at LHCb

 Sensitivity to helicity suppressed contributions

Su Su
et

=
ut -

w

Rs s, = -
aa I'(B1 — B, e~ I/e)
Ae'(Tev)
2 3 5 5 3 2
D.D‘i— T T T T
o.02|
LHC
emmmTT T - ———
i K T
0.00 I
—0.02}
004k, e e
—-0,04 —0,02 0,00 0.02 0.04

(extrapolations from 1412.8484)

I'(B1 — Bo ™ 5“)

AT (TeV)

su
Ex

Rare’N’Strange Workshop, 2017
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https://indico.cern.ch/event/590880/contributions/2485320/

Semileptonic Hyperon Decays (SHD)

R . I'(B1 — B> w DN)
%1% 7 (B, — B, e~ ve)

 Many muonic modes have still poor 3L . . . . Fast Simulation
575, S1110 R 0. . 'THEP 05 (2019) 048
precision (15%-100%) S pgase jm
1100 % .

«  Pro: High BR(~10™*) — huge yields at LHCb oo
* Con: Challenging peaking backgrounds o
1070

1060 = - -

1050

1040 1 1 1 I 1 1 1 I 1 1 1

b 4

For each B1 — B2 pv there is always a B1 — B2 m (misid rate O(1%))
D2



Semileptonic Hyperon Decays (SHD)

A DECAY MODES

Mode Fraction (I';/T) Confidence level
o pr (641 =05 )% |
M, nm° (35.9 +0.5 ) %
M3 nvy (83 +£07)x1074
s pm v [a) (85 +1.4)x10 4
s pe 7, ( 8.34+0.14) x 104
M6 Py 7, ( 1.51+0.19) x 104 J

e  Most recent BES III result

[PRL 127, 121802 (2021)]

B(A - puv,) = (148 +£0.21) x 10~*

« LHCb measurement of B(A - pu‘vu) with Run 2

data ongoing

Improvements of at least factor 2 expected

Precision limited by systematic uncertainty

e Fast Simulation
1ofEEEER s T . THEP 05 (2019) 048

M(p.ut) [MeV/c?]
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Lepton Flavour Violation

Lepton Flavour Violation is forbidden in the Standard Model
Allowed in various BSM scenarios predicting non-zero K — eu rates [PRD 99 (2019) 055017]

* Measurement of both K; and Ks modes can be used to discriminate between LFV models

Present status

K, - eu<4.7x1012 at BNL [PRL 81 (1998) 5734-5737]

* K¢ — ey — no limit exist so far

LHCDb can do K5 — eu

24



Lepton Flavour Violation

* Lepton Flavour Violation is forbidden in the Standard Model

« Allowed in various BSM scenarios predicting non-zero K* — mue rates [PRD 99 (2019) 055017]

= 1077
* Present status o
« KEoartpret < 66 % 1071 o 107
PRL 127 (2021) 131802 -
SRt S grnte v A2 JOF Y =
o101
=1
It': S,
+ +..— 4+ T - - pessimistic PID
% LHCb can do K = ﬂ e +, 10-124 - optimistic PID
-’ wem prie,m) > 0.3 Background from K* only
L m =% J
« Maybe KT - nfute prle,m) > 0.1 |

I ] | |
0 50 100 150 200 250 300
\ LHCh [£ [th™]

Same order of magnitude sensitivity as NA62/HIKE using optimistic PID projections
29



Others New Physics searches with hyperons

——

« Searches for NP using hyperons [arXiv:2201.07805]
e ElomtnX
« Reach: few x 107° from statistics (systematics from backgrounds may be important)
- ptutnmX
* Narrow peak near threshold, high trigger efficiency and low background due to the muons
« Reach: few x 1071 — 107 from statistics, systematics from backgrounds expected to be

small (peaking backgrounds X — puu and K — muu far away in mass)

26



SummarX and conclusions

There is a strange physics community at LHCb
¢ constant trigger improvements

¢ already with Run III we should reach efficiencies for s as high as for b’s
*  Available measurement for X" — pu*u~, BR(Ks = p ™), Kspy > u up p-
 Published prospects for Ks » (y/n)u*pu",Ks » ntn-ete”
Run II (2016-2018) data analyses ongoing: X" — pu*u=,Ks » ntn~u* u=,A - pu~v

*  More channels in our TODO list (e.g. Ks — uuee, Ks — eeee, LFV, other hyperon decays, etc ...)

LHCb Upgrades offer an unique opportunity to study rare kaon and hyperon decays! -
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