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[ntroduction

e Standard Model (SM) predicts

same electroweak coupling for all
three lepton flavours: Lepton
Flavour Universality

e Experimentally established with
W/Z boson, cc, and lepton
decays.

e Recent anomalies in b — s€C
may suggest a violation of LFU

o [FU violation generally implies
Lepton Flavour Violation (LFV)
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Search for LEY decays

e [epton Flavour Violation forbidden in the SM

e (bservation of neutrino oscillation — evidence of LFV 1n the neutral sector.
However no observation of LFV 1n the charged sector so far

Lepton flavour Helicity Semileptonic Semileptonic 4
Strictly violation suppressed FCNC FCCC
forbidden T = U B(s)y = wp” b— sttei b— clv .
~40 -9 -7 2 ' '
0 ~ 10 10 & 10 10 , branching fraction 7 vy U,

Lepton flavour universality tests at LHCb
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On the menu today

Bt > Ktu*e™
BT - Ktu=t~
B’ - K%Fe¥ and B —» K VuFe™
BO N K*O,L.ilu:u
B((;) — U

T = [

LFV charm decays



Analysis strategy with LIV decays at LHCb

e All the measurements shown today are normalised to channel
that usually share the same topology with the searched decay

® To reduce the large background contamination multivariate o
classifier are used, trained on MC and data "sidebands"
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e MC calibrated on reference channel in order to reproduce the

. . @
correct experimental resolution g o
e Important for the final fit on the decay observable . 2 TS
g 4 [ _TEFT
e Usually not easy due to the particle composition in the SH M e
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final state
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e Upper limit usually set with CL, method



Phys. Rev. Lett.123 (2019) 241802

/N i 1 1 1 1 I : 1 1 1 I 1 1 1 1 |
\®
B — K l[/t € % i ¢ Data -
) i — Background only _
9 g _ - e Signal model -
e Leptoquark/Z' scenario: % ~ O(1077 — 107°) P 200 M i
is b -
Leptoquarks: [PRD 97 (2018) 015019, JHEP 06 (2015) 072, JHEP 12 (2016) 027 = i ]
g 1—.. L | L _ L 4 —
<
7. [PRD 92 (2015) 054013] O i ]
e Search for Bt — K u*e™ performed with Run1 (3fb-!) 0 e i :
Use Hioh staist s BY > KT vt - L 4500 5000 5500 6000
e Use high statistics modes — w(u™ ™) as control an m(K*u-e*) [MeV/c?)
normalisation modes
VN 1 1 1 1 I : 1 1 1 I 1 1 1 1
e Exploit tight particle identification and two multivariate RS A LHCh 1
classifiers based on B kinematics and topology. E 3 : Data ~
e Main bkg sources: combinatorial and partially reconstructed ak i — g’.a"kgmund only -
- v o ignal model
B — Dfv = 2t ! _
> 1
e (Observed upper limits S 2 .
+ + + _ _9 g 1 0000 | & 00 0O ||® 9909 -00 ::‘Il‘ L 4 4 —-
e BBT > K'u"e”) <88x 1077 @95 % CL S -
+ +,,— + -9 T _
e BBT > K 'ue")<95x1077 @95 % CL oLl L Tt o

4500 5000 5500 6000

e Update on full Runl+Run2 in progress (K*ute-) [MeV/c2]
m(K ute- eV/c


https://doi.org/10.1103/PhysRevLett.123.241802

Phys. Rev. Lett.123 (2019) 241802

Projections
LQ: PRD 97 (2018) 015019, JHEP 06 (2015) 072, JHEP 12 (2016) 027]
o . Z’: PRD 92 (2015) 054013
o Expected upper limit scales with \/ Z CPV: PLB 750 (2015) 367
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https://doi.org/10.1103/PhysRevLett.123.241802

Bt — K+Iui1.$

BSM models predict to have large enhancement:

e PS3 model predicts BF ~ 10-5

Best experimental limit from BaBar

e B(BT - KTu1t) <2.8%x10™ @90% CL

Analysis performed on Runl and Run2 data

7 four-momentum fully reconstructed using

B:zo — BTK™ decays (~1% of B+ production)

¢ kinematic constraint to reconstruct missing

mass 1,
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e Experiments at eTe™ collider set more

stringent limits [PRL 130, 261802 (2023] 0.1

2 3 4
BB*—=K* u 1) x 10°

11


https://doi.org/10.1007/JHEP06(2020)129

JHEP 06 (2023) 073

B’ - K% *e™ and BY — ¢u*e”

K*O

e NP predictions can reach 1077 [Phys. Rev. D 92.
054013]

e Analysis pertormed using Runl+Run2 LHCb
data

o B = K u*e™ treated separately depending
on charge configuration of Ku

e NP and backgrounds ditfter between charge
configurations

e K*n~ (KTK") required to be close to K (¢)
mass
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B’ - K% *e™ and BY — ¢u*e”

JHEP 06 (2023) 073
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BO N K*()Ti'lui
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e First search for the B — K ’r*u¥ decay on Run 1 + Run 2 data JHEE06 (2025) 142
0 X0 52000 F L A B B B S
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e Different theoretical interpretation

[MeV/c?]

Mpp:
e Two stage multivariate selection based on BDTs trained against combinatorial and mis-ID background

e Requirements on particle identification to remove mis-1d
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leptoquarks [1HEP 11 (2016) 035)

e LHCb analysis with Runl data (3 f6~1)

e Reconstruct Bg , = t=u¥ candidates using the 3-

prong T decay

e Events classified with
multivariate operator
and 1nvariant mass
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https://link.springer.com/article/10.1007/JHEP11(2016)035
https://doi.org/10.1103/PhysRevLett.123.211801
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Projections with two body

LHChb—e LHCb Upgrade l— o———LHCb Upgrade Il —

R T
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Lin=101b Injector upgrades L£=2x10 AT ABIOTS — L~ 90 fh! LS4 L£=1-2Xx 10 LS5 =L~ 3001b

Phase 2 upgrades

210|201 010 20 202 02 208 2n2 20 vz 202 20 2 202 s 2o v s | v 4

JHEP 03 (2018) 078 LHCb Runl Upgrade | Upgrade 11
BB — e*u™) <13x107° <2x1071 <9x1071
BB — e*u™) <6.3%x107° <8x 10710 <3x%x 1071

BB — u7) <14%x107 - <3x107°
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https://doi.org/10.1007/JHEP03(2018)078

T = UK

e Current best experimental limit from Belle [PLB 2010 03 037):

o Bt — puup) <2.1x107%at 90 % CL
e [LHCD analysis on Run 1 data
e D — ¢p(u"p™)m™" used as normalisation

¢ Main challenge due to background sources:

o Combinatorial and mis-ID background (D) — 37, D" — K™z"z™) 3 0.9

e Background suppression achieved by means of multivariate classifiers
e Upper limit: B(r — uup) < 4.6(5.6) x 1078 at 90 % (95%) CL
¢ Ongoing analysis with Run 2 data (coming out soon!)

e Extrapolated limit from Run 1 to Run 1 + Run 2 (higher luminosity and
cross section): B(r — puuu) < 2.5(3.1) x 1072 at 90 % (95%) CL
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https://doi.org/10.1016/j.physletb.2010.03.037
https://doi.org/10.1007/JHEP02(2015)121

Bordone et al. JHEP10(2018)148 2018

Complementarity 4.0
o Already very effective 1n
constraining BSM models such o 32
Pati-Salam extensions |>—<'
e Complementary to cLFV — 2.4
searches with 7 3.
+
~ 1.6
T
W
o)
Q 0.8

0.00 0.02 0.04 0.00 0.08 0.10 O0.12
B(T-3u) x 108
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https://link.springer.com/article/10.1007/JHEP10(2018)148

LEY In charm sector

e Searches for 25 new charm rare/LFV/LNV with 2016 data (1.6 fb~1)
e Results compatible with bkg-only hypothesis

e Most precise result for all studied LFV modes!

Dt — mutpt = va b
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Dt — 7T+€+,u_ — Expected X
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+ T T — X
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Upper limit at 90% confidence
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DY w7 putut 4 X

Df > nrputu — X
D — K p'p' — X
Df — K utu — X

Dj — 7T_,u+€+ —1 X  Observed X

Dj — 7T+6+,u_ — Expected X

DI - ntute — +10, +20 X

Dj — K_/L+6+ — BaBar X

DI — K ety — CLEO X
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Upper limit at 90% confidence



https://doi.org/10.1007/JHEP06(2021)044

Summary

e LLFV 1s an active field at LHCDb, stringent constraints on many models.
e [LHCb started taking data again and commissioning 1s ongoing:
e Completely new detector!

e Fully exploiting the new trigger model, exclusive trigger lines can give large
statistics boost!

e Improved electron etficiency (was limited by hardware trigger).

o Strongly boost soft and displaced signatures (D, T decays), 1n principle can go down

e Enable new searches: LFV in strange decays such as K¢ — epu.
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B’ - K% *e™ and BY — ¢u*e”

e NP predictions can reach 10~/ [Phys. Rev. D
92,054013]

e Analysis pertormed using Runl+Run2 LHCb
data

o B = K u*e™ treated separately depending
on charge configuration of Ku

e NP and backgrounds ditfter between charge
configurations

e K*n~ (KTK") required to be close to K (¢)
mass
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B’ - K% *e™ and BY — ¢u*e”

¢ Remaining backgrounds in the sidebands

studied 1n detail

e Higher excited D resonances can pass
the veto requirements

e Multiple possible modes studied and

described 1n the fit
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B’ — K %u*e™ and BY — ¢u

e No significant signal observed
e Upper limits at 90(95)% CL determined as:
y BB - K %ute™) <5.7(6.9) x 1077
y BB - K%~ et) < 6.8(7.9) x 1077
y BB > K %uFe™) < 10.1(11.7) x 1077
e wrt Belle’s result @(10~7) [PRD 98,071101(R)

(2018)]

y BB - K %uFe™) < 16.0(19.8) x 1077

e [imits on BFs assuming uniform phase-space

decay model

¢ (Re-)interpretation in terms of scalar and left-
handed LF violating NP models also provided

—
O

T

|

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

631:

I I I I I I I I

T T T ]
LHCDb -

9fp~! _
-4 Observed -
— Expected

uulll (0]
B+ 20

0o 2 4 6 8 10 12

B(B"—K ute)

LHCb -
9fp! _

- Observed -
— Expected
+ lo
B +20c

28

¥ | L B
_ LHCbH -
0.8 9fb! ]
i 4 Observed -
B — Expected
0.61 o
i Bt 20

0.4+

0.2+

o 2 4 6 8 10 12
B(B"—Kure®)

1 | '
; LHCb -
0.8 9fb™"
i 4 Observed -
B — Expected
0.6 + s
i B+ 20
0.4
0.2
90.0% Moo S e
O . .............................................. Xlo_g
0 5 10 15



BO N K*()Ti'lul

e First search for the B — K ’r*u¥ decay on Run 1 + Run 2 data

o KV reconstructed through K0 — Kz~

e 7 reconstructed through 7t — 7

e Normalisation relative to BY - D=(K " T )DI(KTK ™)
e Independent analysis on 7u charge configuration:

e Affected by different backgrounds

e Different theoretical interpretation
e Two stage multivariate selection based on BDTs trained against combinatorial and mis-ID background

e Requirements on particle identification to remove mis-1d
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Primary vertex
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e Large pp inelastic scatidj

e ~100 tracks per event |

e Unknown 1nitial state
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e only 1/300 event contatis-ab-¢pt
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ICEL with new :
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Electrons

Triggered on large energy deposit on calorimeter
Electron ID based on calorimetric information
Selection 1s a factor ~3 less efficient than muons

Boosted b-hadrons from LHC collision: most electron
emit hard bremsstrahlung

photon Magnet ECAL
. Y _--
» momentum resolution T .
heavily attected. Upstream R oo

Air
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PV

e Electrons
lose a large fraction
of their energy through
Bremsstrahlung radiation

Electrons vs muons (1)

magnetic field

s *

_——

-
“
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"“‘ ————
-
ae ————

- -
-“————
-

e Most of the electrons will emit one energetic photon before

magnet

e [.ook for photon clusters compatible with the direction of the electron before the magnet

e Recover the energy loss by adding the cluster energy back to the electron momentum

Flavio Archilli - Heidelberg University
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Electrons vs muons (2)

From previous result, LHCb [PRL122(2019)191801]

& - G 350F
SN : LHCb STk LHCb
> 100 —4 Data ~ 300 - —— Data
> —— Total fit > - A} —— Total fit
<+ 80 T 3 ~ 250 _
AR RN A T otal R, =1 S - i Total R, =1
g N N B"— K'ete — 200 F T B'—> K'utu-
§ BB > J/ylee)K™ % - Combinatorial
3 B Part. Reco. < DBOE
= 40 . . o -
o : Combinatorial S 100
8 L 1 S F
O 20 .7 \ 50 =
O E l 1 1 e = v ey’ O = S R T r- e i gt e byd Wil gl e g . pilig.o —
5000 5500 6000 5200 5300 5400 5500 5600
m(K ete) [MeV/c?] m(K ) [MeV/c?]

e Bremsstrahlung recovery not sutficient, worse mass resolution!
e Lower trigger rate 1n case of electrons due to ECAL occupancy (higher thresholds)
e Use of 3 exclusive trigger categories for e e~ final states

e Tracking and Particle ID etficiencies larger for muons
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Purely leptonic rare decays

® [.oop and helicity suppressed precisely predicted in the SM:

o By(BY — utu~)=(3.66+0.23)x 107
o BB’ - putu)=(1.09=+0.09)x 1071

e 7, =1609=x0.010 ps

® [ HCDb results @ Runl+1 .4tb-1;

0 -\ — 0.3 -9
e BBy —>pup)=3.0x0.6",7) %10
o BB - utu)<34x107"°@95%CL
e Main systematics from f./f; and BF of normalisation mode

e At 300fb-! (with conservative assumption on sys ~4%):

o ABB? — uu) ~0.16 x 10~
o o(BBY - /,t/,t)/gg(BS — up)) ~ 10 %

39

LHCb PRL 118, 191801 (2017)

f I I I I I I I I I I I I I f

L 35F Total —]
> n ILH N 4+ - 7
O - Cb By — u'u -
= 301 Boww S
= m BDT > 0.5 wu -
25 E i Combinatorial —
~ - | B, — h'h" -
8 20 J 0 — - ]
A B L
— + - —

5 15 | N Y BO oot g
% E, B Ab — pu VM E
< 10, \ “ BY — Jipu'tv, E
ISR I Sy A '\ + ]

" AT TP VRSN = == jé-j

5400 5600 5800 6000
m . _[MeV/c?]
ww
= S[ LHCDb -
g r ]
S 6 —— Effective lifetime fit -
2 N Resulting -
Omm : :
)
Q — —
Z 0 —
0 5 10

Decay time [ps]



