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Charged LeptOn FlaVOur VlOLa'UOn — \/\/hy7 Neutrino oscillation parameters

T L B
See Lorenzo’s talk LBL JHEP 2021, 71 (2021) -
5 0-04__ LBL+ATM |
» Why not- _ LBL+REAC
- LFV In Neutrinos well established: Neutrino oscillations! 20 03- =lobal
- Where does this come from? %
- Can this happen In the charged sector as well? ' |
» Typical New Physics extensions 0.02r | l
| % C.L. N
. /' or Leptoquarks - 9099l O
I ! 1 ! | ! I ! I 1 ! ! l ! 1 ! l
- R-parity violating SUSY 0.3 0.4 0.5 0.6 0.7
Sin2623
- predict LFV branching fractions that are within experimental reach |
» In the B sector often connected to b — s£¢ anomalies and ~ # 1o < S
L *) \ 5
e AR VRT- -l See talks from Renato and Rizwaan A\‘ i e ;}KW
- Broken Lepton Flavour Universality — charged Lepton Flavour violation! e fut et
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https://arxiv.org/abs/2006.11237
https://agenda.infn.it/event/33145/contributions/191883/
https://agenda.infn.it/event/33145/contributions/191878/
https://agenda.infn.it/event/33145/contributions/191885/attachments/105244/147848/calibbi-LFV-pisa.pdf

| HCb detector

» pp collisions from Tracking
LHC |

» Collected data
- Run 1(2011-2012):
3tb~!lat7 & 8 Tev Vertex

« Run 2 (2015-2018):
61 at 13 Tev

— ~ 3 X more
data

» New detector:
- Run 3 (2023 -):
13.6 Tev RICH detectors

Calorimeter
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Purely leptonic B decays: Bg) — eTu”

[Crivellin et al. PRD 92 (2015) 054013] ~—~16F~T—— T T T 1

» New Physics scenarios O( < 1 0! 1) [Becirevic et al. PRD 94 (2016) 115021] 3 14 Lic o
[Hiller et al. JHEP 06 (2015) 072] § 12 PIERDTELD L Combinatoria

» Data from Run 1 [Ilakovac PRD 62 (2000) 036010] S 10F T I Z’;lfv
\,'\; 8 k ----- B! - eé*ut

» Normalise and calibrate with B’ - K*z~ and 26N+ B - e
= LH I\

BT — JIy(£€)K™ decays S
() il Sddd eI 2 TTT hmﬁw-_—.““

» Exploit particle identification, kinematic and isolation properties %0 5200 5400 "f(f/‘l)j)[Megng

» Biggest challenges:

. . . . . BB — e*u™) <54 x107° @ 90% CL
- Maximise sensitivity through bins of multivariate classifier output (B = e ©

HB(B) — e*u¥) < 1.0x 107 @ 90% CL

- Control muon and electron misID rate

» Update with full LHCb data 2011-2018 ongoing
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https://doi.org/10.1007/JHEP03(2018)078

Purely leptonic B decays: Bg) — T

» Highly challenging

. Reconstruction through 77

+ +.0

T

-t

ag

=

+ -+

— 1 n 7y (9%)

Ty 5% effect after selection

. Neutrino missing: compute B mass up to two-fold ambiguity through 7

mass and vertex constraints

— use solution with the

physical solutions, <50%

petter signal-to-background ratio (70%

background)

» Highly rewarding: New Physics range (Leptoquarks, Z' - PS3)

1078 — 10~

Phys. Rev. Lett. 123 (2019) 211801

*+ ( )

Run
NSV
o Vel -
> B LHCb :
& O1E B—* (= m ) / ~
- i simulation i 7
< 0.08 — \ —
R S _
; (),()6:— simulation 4 _:
T) B -S1 X i
2 0.04 . Same-sign data \§ .
S _ SN 7
2 002F = b
E B \ \§ ]
= 0 S
O 2 3 6 _
= M, [GeV/c?

~Sh

» Normalisation through B — D (- K'n n)n™,

additional calibration with BY — J/w(u*tu~)K™ decays

T. Mombacher
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[Cornella et al. JHEP 1907 (2019) 168]
[Bordone et al. JHEP 10 (2018) 148]
[Becirevic et al. EP) C76 (2016) 134]
[Becirevic et al. JHEP 11 (2016) 035]
[Bhattacharya et al., JHEP 01 (2017) 15]
[Smirnov, MPLA 33 (2018) 1550019] .


https://doi.org/10.1103/PhysRevLett.123.211801

Purely leptonic B decays: Bg) — U

> Bg) — 7u™ analysis challenges:

- Large backgrounds from B — D((SJ)F)ﬂX - modelled through empirical model

from same-sign combinations

- Low mass resolution due to missing neutrino

. Exploit classifiers based on 7 isolation, B topology and pion combinations

- Maximise sensitivity by binning in classifier response
» First ever limit on BSO — 7ou™ factor 2 improvement on BaBar
for BY — t*u™
.+ BBY = 1uT) < 3.4%x 107 @ 90% CL
. B(B) — t7uF) < 1.2 X 107 @90% CL
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Phys. Rev. Lett. 123 (2019) 211801

- C ]
5 07F e 5 LHCb -
. = . O Same-sign data m
2 06F . ® Opposite-sign data =
7 0.5 O By—7* (—a*a 7*v)u” simulation 3
< F A} - m B'—=7* (—=a*r a*v)u” simulation
% 04FE . A By—1* (—ata w*a’v)u” simulation 3
= - A B'—1* (=a*a" n*x’v)u” simulation 3
o 03F : —
‘45 C mL : A i m Og -
= 02p el Al E
= n : .
£ of | | °
1 2 3 4
Final BDT bin

[Bordone et al. JHEP 10 (2018) 148]

0.0+

B(Bs—tu) X 10%

1.5 1

0.0 -

0.00 0.02 0.04 0.0¢ 0.08 0.10 0.12 6

B(t-3u) x 108


https://doi.org/10.1103/PhysRevLett.123.211801

Phys. Rev. Lett.123 (2019) 241802

Semileptonic B decays: BT — K+/4ie“_“

- i I ’ ' ' ' I ' ' ' b
| SR LHCb
0 " [Medeiros Varzeilas and Hiller JHEP06 (2015) 072] § - i Data !
» New Physics can reach up to 107" — 10 Hiller et al. JHEP12 (2016) 027] o i]sgfgcfagf;ﬁfmy'
. . . S > 2 M ]
(Leptoquarks, Z’, models with CPV in Neutrinos )  [Crivellin etal. PRD 92 (2015) 054013] g
. _q [Boucenna et al PLB (2015) 09040] 2 I
» Search with 3fb™" from Run 1 S ¢ =
» Use high statistics modes BT — K*J/w(£¢) as control and normalisation modes 03\\ :
. . . . o . 4500 5000 5500 6000
» Exploit tight particle identification and two multivariate classifiers based on B (K uret) [MeV/c?
kinematics and topology:

30- L 1 L] Ll ] L) L} L L] ] L] 1 L] L _'1.6

- Against random track combinations 114

. Against partially reconstructed backgrounds (B — DZ¢v pollute lower mass range)

LLHCb Simulation |

€

» Dalitz structure unknown: efficiency distributions in the m*(Ku) — m*(Ke) distribution

» Observed upper limits @90% CL:
. BBt - Kte u") < 6.4x107°
. BBT > Ktu=et) <7.0x 10~

m2.  [GeV?/c?]

0L 0
+ + + F o _ - 0 10 20 30
» Update on B™ — KTe~u™ with full 2011-2018 data in progress e, (GeVY/cd)
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https://doi.org/10.1103/PhysRevLett.123.241802

arXiv:2207.04005

Semileptonic B decays: B — K %u*e™ and BY — ¢uTe™

~ 25
U LHCb
. : . 7 > B B g0y 9fb!
» Similar New Physics scenarios, could go up to 10 < 200 | I—gtﬂ"
4 ! , ata
. _ _ & H|(WB t  — Bkg + sig model
» Using full Run 1 and Run 2 data, reconstruct K% - Ktz and ¢ - KK g 1sHI L - _Totilbgﬁg o
. o . . % mirTl. ;i --- Combinatorial bkg
» Use high statistics modes B — XJ/w(£¢) as control and normalisation modes S 1ol IlINGH i - Higher excited D"
.g il - Sermleptomcis+ /1
» Exploit tight particle identification and multivariate classifiers based on B kinematics and 5;‘ : RS . Bgg=5x10
topology e T [
. ) e x_ﬁﬁjﬁ,!{miﬁ'.!_.'.:::::::u:.-.a;m,muum._lmplnlmm
» Challenges: 4500 5000  S5S00 6000 6500
. Model the remaining background candidates m(K*mp'e”) [MeV/c?]
x10~
. High branching fractions of semileptonic B = DZv decays - precise description necessary ‘;; . 65 LHCD simulation
» Upper limits @90% CL: v 05;
S. 0.5
. BB - KV ™) <6.8x107° % o
. BB - K% ™) <5.7% 107 £ 035
Q Y.o
. BBY - pe*u¥) < 16.0x 107° R
| ( s ¢ U ) o | | 0.2¢ —— PHSP scaled
» Dalitz structure unknown - recast the limit in scalar and left-handed New Physics scenarios - — ACy = -AC,, = -0.3 [FLAVIO]
0.1 — AC scaled [FLAvIO]
cao v v e by | |

T RN BRI A\ S
2 14 16 18 20

g> [GeV?/c*
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0 + F 5 .
» Searches for Ay — Apu~e™ in progress T BT



http://arxiv.org/abs/2207.04005

arXiv:2209.09846

JHEP 06 (2020) 129
Semileptonic decayswithz.B - Kt—pu"
§ 40 LHCb
§ 15 / 6 fb~ ! (Run 2)
» Similar predictions as forB;) — T’ g 30 SR
- 0 *0_+ F ~1 < 2 / \ o B = K" 7, ut
» The classical approach: BY — K “t=u* (9fb™") s 20 o B K T,
p— ‘ -+== Background
. Usett — 7z'+7z'_7z'+(7z-0)1/ and fit in the corrected B mass _':g: :3 + J _
-
. Normalise with BY — D~ (Kzr)D;(KKr) S s e By
: N BT TR S B ETOLLE o -~ N ==

. BB - K7 u™) < 1.0 x 107 at 90% CL 000 4000 5000 6000 700(
8 m.,. (MeV/c?]
. BB > K7 ut) <82 x107°at 90% CL ’

» New idea for BY - K u~z" (9 fb_l)

—— Data LHCb
: BS*ZO — B1YK™ tagging: 1 % of BT but full 7 reconstruction!

— Fit BDT bin 4
. . - g
. Inclusive 7 selection (only a track needed) "0 K K7
52 B+/#r

. Normalise with B"‘ — J/V/(MM)K+ D

B_) signal

*) .
non-B, signal

-- Background

IllllllllllllllIllllllllllllll

e
.
*e
-

Candidates / (0.2 GeV?)

. R 10
. B(BT —» K*t7ut) <3.9x 107 at 90% CL track r* s
. “u 4+ k 4 . : o L4 3 L2 3 Loa L2 3 3
» ,Classical* search for Bt = K u™zF and B —» K V¢*rF ONgoing 0, > 3 y S 6
"z;ﬁss [G@Vz]
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http://arxiv.org/abs/2209.09846
https://doi.org/10.1007/JHEP06(2020)129

Phys. Lett. B754 (2016) 167

Charm decays: DV — e*u™

most signal-like region

» Predictions for LFV in charm all over the place: I o A e
-~ N
. RPV SUSY: < 10~8 — 106 [Burdman et al PRD 66 (2002) 014009] ‘B LHED =
| | 10 [Tahir et al CPC 38 (2014) 123101] o6 E
+ Multiple Higgs: < 10 [Wang et al IJMPA 29 (2014) 1450169] 7 y
. Models with extra fermions: < 10714 [de Boer/Hiller PRD 93 (2016) 074001] g; 28T 1 Ji
OF=— '
. -8 o MMl PPETE PPTTE PTTEl PR El PETEY PR FETTE FEETl PETEE i
) Leptoquark mOdelS' < 10 1820 1830 1340 1850 1860 1870 1880 1390 1900 1910
. 0 + = . _1 m(ep) [MeV/c|
» First search for D — e~u™* with 3fb™" (2011/12) data
. Using D' from D™t —» D™ decays and normalising to DY - K~ nt
- Exploiting particle identification criteria, multivariate classifier with vertexing and isolation criteria § 10
L
- Bin in classifier output é
. Simultaneously fit m(D®) and Am = m(D™) — m(D") %‘
. Most dangerous background: DY = gtn :‘_.;
e
U PR T N TR Ty S S U SN SN NN TN SHN SN NN SUN SHN SN S S W S, |

> %(DO — ei//t$) <13x1078 @ 90% CL 140 142 144 146 148 150 152 Is4

m(el ) - mep) [MeV/c*]
- Imposes interesting bounds on New Physics models
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https://doi.org/10.1016/j.physletb.2016.01.029

JHEP 06 (2021) 044

] ——- Df—omrm

Charm decays: D(Jg) — htl’ T —
125 — J[ — Total

' Dt — wtetpu™
‘\‘ 505 Df — nhetpu”

» Since 2015 new trigger model.:

- Allow to select exclusive decays, save only the signal-like particles

50 —
- Allows much higher output rates — perfect for high charm cross sections! 25_5 - ~,
] ,’ \ /// \
» Exploit the new trigger model with DY — K*/ate*u™ and DY, — K /n~etu™ o =ref == ———
(5) (5) 1850 1900 1950 2000 2050
searches (and some more, 25 in total) with 2016 data (1.6 fb~1) m(rT e u”) [MeV]
. Normalise to D(Jg) — (O™ 190 |
- Reduce background with the decay topology, final state momenta and isolation criteria, as well 100 LHCh  __. girffii{;ng
as particle identification J[ — ii;[m
. Combinatorial and D — 3/ remain to be modelled J[ DR

"-_:-:JDJ_['I J[ J[ Bl Do KT

» Observed upper limits span 7.5 X 1078 = 1.1 x 107

> -
-] -
o v by by by Ty

Candidates/(4 MeV

— most precise result for all studied LFV modes!

DO
-

» Some more Charm LFV measurements ongoing

-

1850 1900 1950 2000 2050
m (KTeTu™) [MeV]
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https://doi.org/10.1007/JHEP06(2021)044

JHEP 02 (2015) 121

The golden mode 7 — 3u

[Babu/Kolda PRL 89 (2002) 241802]

» Purely leptonic = very clean :::g;?:f::ﬁop(l'z iigf ;(2)2;)3) 217} {;*: 6; 2012 most signal-like region _é
» Muons easlest detector signature [Hays et al JHEP 05 (2017) 014] é) . _ 1 HCh _;
» In New Physics models often O(107° = 107°) 5 4;_ _;
» Latest search at LHCb used 3 fb~! collected in 2011-2012 % . _ T _5
. Normalise to D — ¢p(u*u~)x™ decays § 2 ;_ T T _;

- Challenges: :% 1:“ 1 1 1 -_‘ 4 h

- Soft momenta — huge backgrounds O ) j J__l T J__:E

1600 1700 1800 1900
m(u-p i) [MeVic?]

- Need to describe all origins of 7 B and D decays

. Veto D — ¢p(uTu")z* and D, — n(puy)uv decays
- 2 dedicated multivariate classifiers [PLB 687 (2010) 139] Belle: 93’(1 — 3/1) < 21X 1()—8 @90% CL

- Exploiting geometric information _g
LHCb: AB(t — 3u) < 4.6 X 107° @90% CL

- Separating muons from other particles

- Limit from mass fit in bins of the two classifiers

» Update with full 2011-2018 data (9 fb~1) underway
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https://doi.org/10.1007/JHEP02(2015)121

A

look into the (near) future

» LHCb started taking data again and
cCOmMmISSIoning IS ongoing

» Completely new detector!

» Fully exploiting the new trigger model as default

— Fully exclusive trigger lines can give large

statistics boost!

Improve electron efficiency (was limited by hardware
trigger)

. Strongly boost soft and displaced signatures (D, T

decays), in principle can go down to pt < 50 MeV!

- Enable new searches: LFV in strange decays!

Open to suggestions on new analyses!

T. Mombacher

Rates as a function of pT cut for part. reco. candidates

ﬁ (=5
L A
s 108, [LHCbh-PUB-2014-040]
T
) - A ol I
@GR C*°°ceesesiy
" _— A ....=....
§ A R [ ™ . L
N A s "
A
= A
= L
| —e— beauty hadron candidates t + L4
—#— charm hadron candidates T . T T

—&— light, long-lived candidates

] | L R ) | L P ] e |
2 4 6 8 10
pt cut (GeV/c)

O

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

LO Hardware Trigger : 1 MHz -Software High Level Trigger
readOUt’ h'gh ETIPT signatures Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

L

Buffer events to disk, perform online

. Software High Level Trigger

detector calibration and alignment

Partial event reconstruction, select .
displaced tracks/vertices and dimuons : 0

Buffer events to disk, perform online \ Add offline precision particle identification
‘ and track quality information to selections

detector calibration and alignment

Output full event information for inclusive

triggers, trigger candidates and related
Full offline-like event SE'GC“OII, mixture pri“]a.y vertices for exclusive triggers

of inclusive and exclusive triggers
P P g

12.5 kHz (0.6 GB/s) to storage 2-5 GB/s to storage
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CERN-LHCC-2018-027

JHEP 05 (2019) 048

A few examples already for Run 3 and 4 (~2030)

PRD 99, 055017 (2019)

> %’(Bg) — eTu™) ~ 0(10719), not far from New Physics

scenarios O(10711)

> %’(Bg) — 75uF) ~ 0(107° — 107), strongly constrain

New Physics scenarios O(107° — 10™%) e
y B(t = 3u) ~ O( < 107°), the parameter space
oredicted by most scenarios
) Could do first ever search for K;) — eiﬂi and compete ;U m,pr;jrf’ ......................... ﬁ ...........................
with NA62 on K+ — zte™u™ s L R

LHCb [£ [tb7!]
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https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.03477
https://arxiv.org/abs/1808.02006

Summary

» LFV Is an active field at LHCb

- Stringent constraints on many models

Modulo a little COVID shift

_ _Run 1 Run 2 un 3 Run 4 Run 5 Run 6_
. Mostly significantly improving previous Nj; 12 SN
results or even first ever searches 2> nE |2 % ER
- — — 250
. Overcoming challenges with new = 1‘;; 3200
analysis techniques S oF = 150
Lo . g - 4 100
» Finishing analyses with full Run 1+2 2 "¢ ER
z F |
data - now Run 3 has started! e = 0

- New trigger model will give a large boost

We’re living In exciting times!

~

for sof

. modes and modes with electrons
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Int. luminosity [fb!]
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JHEP 06 (2021) 044

Full results for the D(JS“) — hZ¢ searches

Dt = atuty — v DS = mrpm ™ — X
' DY - K utut — X
Dt — Ktutpu™ — X Df - K utpu — X
DV — 7T_,U+€+ 1 X  Observed e D;r — 77_/‘+€+ — X  Observed S
Dt = wtety — Expected % D;r — et — Expected X
. Lo +lo, +20 s DY —» ntute — +lo, +20 x
DT —mrute BaBar D;_ — K_,LL+€+— BaBar X
DT — Ktetu™ — CLEO X Df - Kretu™ — CLEO X
Dt = Ktute — LHCb o Df - KTute — LHCD X
+ — o+ o+
Dt — 7 etet T X Dy =m ever - &
. L Df — nfete™ 4 X
DT — mTeTe” T =g DI — K ete — K
B LHCb | 5 L LHCb |
DT — Ktete — 3 Df - KfteTe — I
||||||| | | ||||||| | | ||||||| | | ||||||| | ||||||| | | ||||||| | | ||||||| | | ||||||| |
1078 1077 1079 1077 1078 1077 1079 107?
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Upper limit at 90% confidence
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Upper limit at 90% confidence
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