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[JINST 3 (2008) S08005]

LHCb experiment

® Single-arm forward spectrometer at the LHC designed for the study of heavy
flavour physics

® Pseudorapidity coverage 2 < n < 5 and collisions occur at reduced
instantaneous luminosity compared to ATLAS/CMS

|

Boosted heavy flavour hadrons travel ~ cm at small angles relative to beam

axis, leading to decay vertices displaced from production vertices - experiment
exploits this topology
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https://cds.cern.ch/record/1129809

Why rare decays?

® Flavour changing neutral currents

forbidden at tree level in SM - rare decays
often Cabibbo/helicity suppressed

® Off shell NP contributions can significantly
alter rates and angular observables
compared to SM predictions

® Search for decays forbidden in the SM -
allowed in some NP models

“ Effective field theory formalism used to
parametrise short distance effects -
combine measurements and perform
global fits to observables (tension in

several b = slTl™ measurements - see talk
by Da Yu Tou)
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[Eur. Phys. J. C, 80 6 (2020) 511]
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8018-3

[CERN-LHCb-CONF-2020-002]

B?S) — " u~ combination (ATLAS + CMS +
LHCDb)

Normalisation channels:
BY = J/th(— p ") KT

“ B?s) — u*u~ decays highly suppressed ond B® s K*n~ (LHCD only)
in the SM (loop + helicity) - excellent NP
probe sk T e
“ Measured observables: N LHCb — B
BDT > 0.5 - Bt

------ Combinatorial
0 -
By = h*h
o B OO,

0 _
- BY® 3'50(+)M+M

[\
()

® Branching fractions ofB(OS) — utu~ decays
® Ratio of branching fractions (RR)
® Effective lifetime of B — u*u~ decays (T

N
)

:]llllll_llllllllllllllll

m,

—
W

Candidates / ( 50 MeV/c?)

llIllllIllllllllllllllllllllllllll

) SEE N T
" ATLAS [JHEP 04 (2019) 098] (excluding 7,,,) , S 10 _l_ B — lpuoy,
CMS [JHEP 04 (2020) 188] and LHCDb [Phys. Rev. 5| —+~ +
Lett. 118, 191801 (2017)] all published (ST EETIREGET SN G L= == = = -
_ 0 Pl 5000 5200 5400 5600 5800 6000
results with By = p™u™ decays - m.. [MeVic]
measurements combined using (profile) Experiment Datataking yoars
likelihoods (CoM energy (TeV), Int luminosity (fb™'))
ATLAS 11(7, 4.9), 12(8, 20), 15-16(13, 26.3)
CMS 11(7, 5), 12(8, 20), 16(13, 36)
LHCb 11(7, 1), 12(8, 2), 15-16(13, 1.4)
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[CERN-LHCb-CONF-2020-002]

B(S) — " u~ combination (ATLAS + CMS +

LHCb)
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BB — p*pr) (107)
B(B] = p*pt) = (2.6970:35) x 1077
B(B° — ptpt) < 1.6 (1.9) x 10719

at 90% (95%)CL

® BY — utu~ BF resultis compatible
at 2.40 with SM

® B9 - utu~ BF limit is compatible
at 0.640 with SM

® 2-D compatibility at 2.10 with SM

ATLAS CMS, LHCb - Summer 2020

CMS LHCb Summer 2020
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R= BB’ - p*)/BB - ) T s o [ps]

R < 0.052 (0.060)

+0.37
at 90% (95%) CL = 19120755 ps

B(BY — utp )sa = (3.66 +0.14) x 107
B(B® = ptp )snm = (1.03 £0.05) x 10710
(Tup)sm = 1.609 & 0.010 ps

[JHEP 10 (2019) 232]

® Most precise measurement to date!
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https://cds.cern.ch/record/2727207/files/LHCb-CONF-2020-002.pdf
https://link.springer.com/article/10.1007/JHEP10(2019)232

[Phys. Rev. Lett. 124 (2020) 211802]

Search for the rare decays B? —» ete™ and
B O — e+ e_ Normalisation channel :

BT — J/{p(— ete )KT

" Helicity suppressed by 0(10~%)
relative to B&) — utu~ - NP effects
could increase BFs by 0(10°) - SM null
test

® Simultaneous fit to data split by run
and bremsstrahlung category

® Selection BDT incorporates MVA-based
isolation tools developed for Bgs) -
u* u~ analysis to improve performance

LHCb  —¥ 20152016data |

—— full model
B combinatorial
- Eoe+ve decays
B— Xe'e decays i
B X,— h'e” V, decays _|
B— h'h'~ decays

400

200

Candidates / ( 120 MeV/c?)

“ Yield of physical background (partially 0
reconstructed and misidentified)
components constrained in the fit to
expected values B(B® — ete ) = (8.35 +0.39) x 1014

B(B° — ete )onm = (2.39+£0.14) x 107 1°

4500 5000 5500 6000 6500
m(ete™) [MeV/c?]

Data-taking years
11, 12, 15 - 16 [JHEP 05 (2017) 156]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
https://link.springer.com/article/10.1007/JHEP05(2017)156

CL,

[Phys. Rev. Lett. 124 (2020) 211802]

Search for the rare decays B? —» ete™ and
B’ - ete”

No excess of events are observed over the background - limits set (while
neglecting the contribution from the other decay) using the CL; method

1 T T T T T 1 T T T T T T L
‘ LHCb 1 ‘ LHCbH 017 2017&LHCb limit | s
0'8_ +Observed_: 0~8_ +Observed_: 10‘4: 2013 2009 i LHC.b ]
- — Expected - — Expected - r CDF limit ! CDF limit | limit
0.6 -;f, - R 1071 SM Y ---Y-;
C ] K i I —_—
B 3 Scenario
0.2F 0.2F 10-3] SV
OO """"""""" 5 """"""""""""""" x107 00_ """"""""""""""" 6><10730 16 BB, —1t"r7) B(B,—up) B(B,—ete)
B’— e*e branching fraction B’— e*e branching fraction
— — Previous results from the CDF collaboration
B(BY — ete™) < 9.4 (11.2) x 107° v .
B(BY — eTe )opr < 2.8 x 10~
B(BY = eTe™) < 2.5 (3.0) x 1077 5
( ) ( ) B(BO — €+€_)CDF <83x1078
at 90% (95%) CL at 90% CL [Phys. Rev. Lett. 102 (2009) 201801]

“  World leading limit!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.201801

[JHEP 06 (2020) 129]

Search for the lepton flavour violating
decay Bt - K*u~t" using B.) decays

® Decay is forbidden in the SM but predicted in

several LFV models
® PS3model predicts B(B* - K*tu~tt) ~ 107°
[JHEP 10 (2018) 148]

“ 7 four-momentum fully reconstructed using
B:) - B*K~ decays (~1% of B*production)

® Kinematic constraints used to reconstruct

missing mass m, - search for peak in m?

distribution
® Select 7 inclusively offline by requiring
additional charged track near Ky~ pair

Previous result from the BaBar collaboration

B(BT = KT~ 77 )Bapar < 2.8 x 107°
at 90% CL [Phys. Rev. D 86, 012004 (2012)]

Data-taking years
11, 12, 15, 16, 17, 18
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Normalisation channel :
B = J/p(— ptpm ) KT
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https://link.springer.com/article/10.1007%2FJHEP06%282020%29129
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.012004
https://link.springer.com/article/10.1007%2FJHEP10%282018%29148

[JHEP 06 (2020) 129]

Search for the lepton flavour violating
decay Bt - K*u~t" using B.) decays

Simultaneous fit to data in four bins of BDT output - polynomial background

parameterisation determined from same-sign kaon sample

|
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Candidates / (0.2 GeV?)

Candidates / (0.2 GeV?)

0 F T T T T
F ——Data LHCb
o Fit BDT bin 2
0 E B3 signal
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150F  --- Background
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p-value

No excess of events observed over the background - limits set using the CLg

0.6 T T
—®— Observed CLs ]
o5 e Expected CLs median ]
- Expected CLs t Io ]
0.4 ]
- Expected CLs + 26 .
0.3 -
0.2 -
0.1 ]

2 3 4
BB *—K* 1 t+) x 10°

B(BT — KTu 77) < 3.9 (45) x 107°
at 90% (95%) CL
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https://link.springer.com/article/10.1007%2FJHEP06%282020%29129

[Phys. Rev. Lett. 123 (2019) 081802]

Measurement of CP-violating and mixing-
induced observables in B? - ¢y decays

“ In SM (loop) b — sy decays, photon mainly
produced with LH helicity due to parity
violation - small RH component

® Several NP models predict an enhanced RH
component - effects particular observables

" Measure time-dependent B - ¢p(—» KtK ™)y
decay rate to extract mixing induced/CP-
violating coefficients {A%, S, C}

® Flavour-tagging algorithm used (€.rs ~ 5%)

/ Untagged
P(t)  e7Ts'{cosh (AT’;¢/2) — A” sinh (ATs2/2)
+ {Ccos (Amyt) —;9 sin (Amt)},

Dependent on BY or BY

Data-taking years
11, 12

Candidates / (25 MeV/c?)

Calibration channel:
BY — K*(— K'tn )y

(Used to control decay time efficiency)
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® Fit signal peak in order to perform
background subtraction
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802

[Phys. Rev. Lett. 123 (2019) 081802]

Measurement of CP-violating and mixing-
induced observables in B? - ¢y decays

" Simultaneous decay time fit to background subtracted BY - ¢y and B® —» K*y
data to extract coefficients

“ Decay time resolution R(t) from per-candidate uncertainties/simulation and
decay time efficiency e(t) from fit to data (driven by B® - K*y)

i Bodr MU gw 1|42 = —0.671037 £ 0.17

% 1003'I J[TM + Data 3 2 1285 : —0.41

PR W4 g S =0.434+0.30+0.11

Sub M R i | C=0.114£0.29+0.11
e T

ALy = 0.047 £ 0.025 + 0.015
Sy = 0+ 0.002

3000

1002— #Im Bg — ¢y HC -

& > 2500F 3
S 80;" . untagged 4 ow ] “; 2000f : Csm = 0.005(5)
3 1‘#"L oy g e [Phys. Lett. B 664 (2008) 174]
E zz_ '++,L++ : E ]:zz : : AL comp.atible With SMat1.70
N P ] R S compatible with SM at 1.30
ot 1 ® ( compatible with SM at 0.30
m

PDF, = (t) (R(t) ® P(t))
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802
https://www.sciencedirect.com/science/article/pii/S0370269308005819?via%3Dihub

[Phys. Rev. Lett. 123 (2019) 031801 ]

First observation of the radiative decay
O ormalisation channel:
Ab SN Ay N lisat h 1

BY - K*y

" Like BY — ¢y, sensitive to NP enhanced RH -
components via photon polarisation A,- prior & 25} - Signal LHCb 4

g . i ---Coombinatorial
to angular analysis need observation! Ay — An 77

[\
)
UL

“ Difficult to reconstruct due to long A lifetime
and unknown y direction i.e. no decay vertex —
decay reconstructed as A} —» A(— pr7)y

® Custom ‘distance of closest approach’ variable
between A and A trajectories used to
discriminate between signal and background

N

Candidates / (50 Me
> &

e =55 SN BENERE
——
=

g
——
—_—
.I__*_.
|

T

; ] ; [ A S B
(dominated by combinatorial) 5000 5500 6000 6500
" 5.60 excess observed - first observation of a m(pr~y) (MeV)
radiative baryonic decay! Previous result from the CDF collaboration

0 . B(Ag — A/Y)CDF <1.3x1073
B(Ab — A’Y) a (71 +15+£06+ 07) x 10~ at 90% CL [Phys. Rev. D 66 (2002) 112002]

Data-taking years
16

B(AY — Ay)sm = (6 — 500) x 1077
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.112002

[LHCb-PAPER-2020-007 (in preparation) — see ICHEP20 Talk]

Searches for 25 rare and forbidden decays
Of D+ and D;-I_ mesons Normalisation channel :

Dy = ¢(=1T17)n™

® Rare charm decays have additional GIM

suppression compared to rare B decays . 150 + + + | HI +
< TN
" Broad search for 25 rare and forbidden 2 125‘%%%%& T + +
. . 2 100
(tgpolog:call}i similar) decays of the form =] LHOD Pretiminary
+1F _ _ £ 154
Diyy = h=1"1" (h = {K,m}, 1 = {e,u}) 5
= 50 === Non-peaking
. . . . =i === Dt Knrr
“ Resonances vetoed when fitting signal in S 25 —=- DK
. . . . . = Combined
three-body invariant mass distribution I EEELLS ———meca |
. ] 1850 1900 1950 2000 2050
“ Different background sources for different m (K= pe™) [MeV]
final states — physical backgrounds modelled . ==~ Non-peakin
. . 927 ==- Dtonarrw
using fast simulated samples = —=- Diorn
< 100 - Combined
>
& 75—
S
I 50
£ .
S %7 ,//\\\ ) LHCDb Preliminary
Data-taking years Y e I
1850 1900 1950 2000 2050
16 m (nEepuT) [MeV]
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https://indico.cern.ch/event/868940/contributions/3815638/attachments/2081089/3495531/2020-07-28_ICHEP-2020-Rare-charm-decays-in-LHCb.pdf

[LHCb-PAPER-2020-007 (in preparation) — see ICHEP20 Talk]

Searches for 25 rare and forbidden decays
of D* and D} mesons

DY st —
DY = -
Dt = Kt
Dt s et —
DY s ety —
Dt — ntpute
DT — Ktetp
DT — Ktute
Dt — mefet
Dt — ntete™

DT — Ktete™

B |

LHCDb Preliminary g

(Preliminary) results all consistent with background-only hypothesis
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1078

1 LU | 1 LA |
1077 1076
2016 limit at 90% confidence

107°

X - observed limit

2016 limit at 90% confidence

Df = 7 put - =

Df — ntptp — (==
D — K p*pt 4 = |
Df — Ktptp = |
Dy — et 4 = |

Df — rhetp — = I
Df — ntute — = I
Di — K ptet = |

Df — Ktetp — =4 I
Df — Ktute — I I
Df - netet 4 = |

Df — wfete™ == |

B — ot ot
53 : §+Z+Z_ | LHCDb Preliminary = !
1078 1077 1076 107°

| - previous world’s best limit (BaBar, CLEO, LHCb)

Limits improve on the previous world best results by up to a factor of 500!
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https://indico.cern.ch/event/868940/contributions/3815638/attachments/2081089/3495531/2020-07-28_ICHEP-2020-Rare-charm-decays-in-LHCb.pdf

Summary

® Rare decays are very sensitive probes for new physics contributions and
shall remain an active research topic in the years to come

® Many exciting LHCDb rare decays analyses published/currently ongoing

® LHCb i1s setting world’s best measurements and limits on observables
within flavour physics (and beyond)

" Non b — sl*l™ measurements still provide important tests of LFV and new
physics may manifest in measurements

® The LHCDb upgrades will offer significantly higher luminosities and
improved detector performance — should provide exciting new discoveries
and allow SM rare decays to be tested to even greater precision

LHC upgrade II will allow precision tests of observables such as the B?s) — u*u~ BF ratio (R) (~10%)

Decisive measurements of observables such as the B effective lifetime (TW) (~2%) and per cent
measurements of observables such as the photon polarisation (4,) (~4%) [LHCB-PUB-2018-009]

If tensions in b — sl*l™ are confirmed, upgrade will allow to discriminate between potential NP
models, and allow complementary, rarer measurements to be studied such as b - dl*1~ decays

Thanks for listening!
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Backup
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Search strategy

® Many presented analyses measure branching fractions relative to a known
normalization channel, as this allows large systematic uncertainties in ¢,,,,_,5

and L¢, as well as other systematic uncertainties related to reconstruction

and selection to cancel in the ratio

Nsignal = Signal yield

L1yt = Integrated luminosity

Ni na
B(Signal) = Signal

2 X /:'Int X 0 pp—sbb X f X €Signal

/

Large uncertainties

® Instead measure:

o

pp—bb — b cross section

f = Hadronisation fraction

¢ = Total efficiency

B(Signal) = N
Norm

B(Norm) y

€Norm

fNorm

€Signal

X NSignal
fSignal
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BB’ — ptu) (107%)

[CERN-LHCb-CONF-2020-002]
B(S) — " u~ combination (ATLAS + CMS +
LHCb)

Effective lifetime definition
(mean decay time of an untagged sample of decays)

oo 0 4+ o —
_ _fo t(I'(B; — putp))dt AT
R _ Bl
ptp ="
[0 (BY — ) di 0= Gr
+ - +
RETHT _ peth
T [1H2AarYs T YL Aw=H L
ys AT'Ys
1D likelihood projections
0.6 AILAS ,?MS LHCb - S}mjn}fif?ozo — 16 ATLAS. CMS. LHCb - Summer 2020 o ATLAS. CMS, LHCb - Summer 2020 _
E // e Prehmlnaly ATLAS ] é E I Prehmmary I L 'E é g E | Prehmlnary N
SE L 2011-2016data - CMS 4 9 WHF 2011 - 2016 data 4 9 3 2011 - 2016 data E
A e U < W L Y 3 1 9 7F E
‘ :_/,'/ /" PN \\.—Combmed v: 105_ _E 6;— —;
s/ E sf . ’E 3
y 3 o E N3 E
Y E 3 Mo 3 2F 3
E A 1 2F | = 1E =
;:L\. 3 O I-..l I..: O\. ..I....I.-
1 5 1 3 4 0 . 03 04
B(B) — wu) (107) BB - p*p) (107) BB — ) (107)
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https://cds.cern.ch/record/2727207/files/LHCb-CONF-2020-002.pdf

Candidates / ( 120 MeV/c?)

[Phys. Rev. Lett. 124 (2020) 211802]

Search for the rare decays B? —» ete™ and

B? > ete™

® Bremsstrahlung losses corrected by adding momentum of all

photons consistent with being emitted upstream of magnet

\®)
o
S

150

100

N
S

LLHCb —3— 20112012 data

....... Bg% ete
—— full model
B combinatorial

B B— Det v, decays

B— Xete™ decays

B— h'h'~ decays

4500 5000 5500 6000

m(ete™) [MeV/c?]

B X ,— h'e” V, decays

6500

® Several primary physical backgrounds:
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B — Xete™
BT —» D%(—=Yte m.)etv,
BY = n7etu,

B—hth~

0.1

1074

1010
10—13 :

10—16 I

10~/

. ]

2017 &LHCb limit |
2017 CDF limit ;| LHCL
LHCD limit | limit
SM Y Y
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New Physics
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There are different relative proportions of
physical background contributions between
Run 1 and Run 2 due to different
performances of the particle identification
and BDT algorithms
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802

[JHEP 06 (2020) 129]
Search for the lepton flavour violating
decay Bt - K*u~t" using B.) decays

Fits to normalisation mode mass and B*- K~ mass difference

® Fits to determine yields and to quantify contributions from B. decays and
non-B}5 candidates with nearby kaons

> o400p T T T T T TS > 140 ' ' ' ]
t LHCb + —e— Data 1 o —e— Data ]
= 350F — Fi 3 =10 | — =
g 300 E_ ----- Background _f 2 oo IR Background _:
g POF ERE L .
= 200F 3 5| ]
S E 3 S 60 .
S 150F E E .
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505_ _f 20 ;.’ .‘" gt oL L " % 29
5200 5250 5300 5350 % 4 e 8 %
My s [MeV] My, — My, — M, [MeV]
How m;ssmg2 maszs ;s reconstructed ® Missing mass squared - lowest
By — MK~ M - i) 1 — (1 4 \/3) energy, real solution for which the
, 2EK) L 1 _2(9pK/EK) Cosf missing energy is greater than
4 .
d= 2K o520 - “BPKEOT T . <1 - p—gcos20) energy of reconstructed third
L (mpr —mp —my) Ly

track under m mass hypothesis
Pmiss:PB_PKJF/.L*
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https://link.springer.com/article/10.1007%2FJHEP06%282020%29129

Candidates / (25 MeV/c?)

[Phys. Rev. Lett. 123 (2019) 081802]

Measurement of CP-violating and mixing-
induced observables in B? - ¢y decays

Fit to normalisation mode

3
X107 —— - ® Decay time resolution modelled by sum
*E LHCD - Data 3 of two Gaussians
3.5 — g/_IOdell E ® Decay time efficiency modelled as
----- igna 3
3 Peaking _E
2.5 B’—K*n 3 ta/t
[[[7] Missing pion 3 €(t) x
2 S BoKan’X 3 ( ) COSh(bt)
1.5 #2%] Combinatorial —;
1E 3
- E Flavour tagging algorithms
0 =000 5500 6000 ® Same-side (SS) - identifies flavour of signal
m(K*7-y) [MeV/c?] candidate by identifying charge of kaon
produced alongside B2 meson - neural
® Several additional partially reconstructed network implementation
backgrounds: B Kmmy ® Opposite-side (0S) - rely on pair production

of b hadrons - examine decay products of
other b hadron in the event

B — Knm’X
B — K*1n(— 77)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802

[Phys. Rev. Lett. 123 (2019) 031801 ]

First observation of the radiative decay
A?, - Ay

Fit to normalisation mode
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® Several additional physical backgrounds:

22/09/2020

1500

500 [

G

T, el M

--- Combinatorial 1
B> K'mry

--B = K 72X ]

--B" 5 K%n

B’ > K a®

A) = pKy

B) - ¢y

B v

.

000 5500 6000
m(K*y) (MeV)

B — Ktnmy
BY — K*n

BJ — ¢y

A) — pK ™~

BY 5 Ktnpr— 7O

Rare decays at LHCDb (excluding b — sl*17) - Beauty 2020

Primary systematic uncertainties

Source Uncertainty (%)
Data/simulation agreement 7.7
A fit model 3.0
B — K*% backgrounds 2.7
Size of simulated samples 1.7
Efficiency ratio 1.4
Sum in quadrature 9.0
Faolfao 8.7
Input branching fractions 3.0
Sum in quadrature 9.2

® Largest systematic from ng /f go

Distance of closest approach variable
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031801

Searches for 25 rare and forbidden decays

[LHCb-PAPER-2020-007 (in preparation) — see ICHEP20 Talk]

of D* and D} mesons

Fits to two normalisation modes
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® Primary physical backgrounds (same as for signal):

D — hhh
Dt — hhh
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https://indico.cern.ch/event/868940/contributions/3815638/attachments/2081089/3495531/2020-07-28_ICHEP-2020-Rare-charm-decays-in-LHCb.pdf

