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Introduction

-» Standard Model (SM) predicts the lepton universality and the conservation of the lepton flavour.

=» Extending the SM to massive and oscillant neutrinos introduces the possibility of having Flavour
Changing Neutral Currents.

= Charged-lepton flavour violating (cLFV) decays are highly suppressed (O(10°)) and their observation

will constitute an unambiguous sign of New Physics (NP).
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Theoretical models

b — slTl'” transitions

/ New Physics scenario with Leptoquark (LQ) \ / New Physics scenario with Z' mediator \

Xs <
Bq Xs

o
4
\_

Different interaction strengths, depending on the fermions interacting, are possible

— interest in studying all possible lepton combination in the final state!

Tommaso Fulghesu Lepton Flavour Violation Searches in B decays at LHCb GDR-InF Annual Workshop 3



Relation with LFUV

@ Ry [Nat. Phys. 18, 277-282 (2022)]
4 Ry [PRL 128, No. 19]
Ry [PRL 128, No. 19]
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https://indico.cern.ch/event/1187939/attachments/2530158/4355180/DTaunu_CERNSeminar.pdf
https://arxiv.org/pdf/2207.01851.pdf
https://arxiv.org/pdf/2207.01851

Relation with LFUV -
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Latest results @ LHCb

=» LHCb searches for LFV in B decays
include final state with eand i or with =
and u

=» Nosignal observed so far in any search

=» Upper limits set using CLs method,

constraining theories beyond the SM

RECENT RESULTS:

Decay Limit (90% C.L.) | Integrated luminosity
B — ep 1.0-107 3 fb

B, — ep 541079 3h

Bt = 1\'+e‘,r 7.0-107° 3 b

B* = Kte yut 6.4-1077 3 fb!

B? —» K*%eFp* 9.9-1077 9 fb!

B® — K*% +,l 6.7-107° 9 fh!

B® = K*0e—p*t 5.7-1079 9 fh!

B, — ¢eTu* 1.6-107% 9 fh!

B® = 1y 12-10°8 3 b

B, = 111 34-107° 3 fb!

B* = K*ru 3.9-107° 9 b /N
B — K7y~ 1.0-107° 9 fb / &
B® — K*0r—p* 8.2 -10~° 9 '/ &

Search for lepton flavour violating decays B —K*°u*e*and B —¢u*e” submitted on Arxiv on 08/06/2022
Search for lepton flavour violating decays B°—K*°1*u submitted on Arxiv on 20/09/2022

Tommaso Fulghesu

Lepton Flavour Violation Searches in B decays at LHCb

GDR-InF Annual Workshop ¢



Candidates / ( 25 MeV/c?)

Searches for B—»K"ep and B —dep: Fit

https://arxiv.org/abs/2207.04005

LHCb LHCb
B'—K ute 9fb™! B"—K et s -1
P Daa P Dua Run 1+ Run 2 datasets (9fb™)
— Bkg + sig model — Bkg + sig model
— Total bkg — Total bkg

-- Combinatorial bkg
----- Higher excited D~
Semlleptomc + 7

5500 6000 6500
m(K 7 ute) [MeV/c?]

Candidates / ( 25 MeV/c?)

5500 6000 6500
m(K* 7 pret) [MeV/c?]

-- Combinatorial bkg
----- Higher excited D~
Semlleptonu. + 7

First result ever for B® —¢u*e’
Using B—K*CJ/y(—p*y) and

B.—¢J/p(—p*) as normalization

-- Combinatorial bkg
----- Higher excited D~

- Combinatorial bkg
- Higher excued Dg

0 samples
LHCb 14 LHCb
. Pk O Boges O Ku charge combinations treated
i gﬁ; sig model —!- g§§+ sig model
— Total bkg — Total bkg separately

Semlleptomc + 7 B =1x107’

Candidates / ( 25 MeV/c¢?)
Candidates / ( 25 MeV/c?)

ol 1
gl b ¢ 0 B i
4500 5000 5500 6000 6500 4500 5000 5500 6000 6500

m(K* 7 pte®) [MeV/c?] m(K*K™ji¢") [MeV/c?]

Fit on data of invariant mass distributions
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https://arxiv.org/abs/2207.04005

Searches for B—~K"ep and B —dep: Background examples

https://arxiv.org/abs/2207.04005
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https://arxiv.org/abs/2207.04005

Searches for B— K*eu and B)—)d_)e“; Results https:/arxiv.org/abs/2207.04005

. . . e 1 : s s 1 ——
=» Nosignificant signal observed 5 iy} € | Loy
0.8 — 0.8 —
=> Upper limits at 90 (95)% CL : o hocssed : + Observed |
06f -—ixlgected - 06F -—Exl[;ected a
B(B" - K*%"pn") < 6.8(7.9) x 1077 o gl e
B(B’ — K pu") <5.7(6.9) x 1077 Loy EREERE T S .
AP Lo ; - %10 AP b e, 25107
0 *0 _+ T -9 R %=2"% 6 8 10 D
B(B" - K*e*pu™) < 10.1(11.7) x 10 BB BB Ko
0 j: —9 » Ip T T T @ 1 T T T v
B(B’ — ¢e*pu’) < 16.9(19.8) x 107 4 g % LHCb |
- 0.8f 9o 0.8f 9fb™
= N - -+ Observed 1 i -+ Observed .
" \ 06F —Exllzsected N 06F —Exllzsected N
] L W2 W+
/ \“ e“ 04F
/ / i
/ "@\“ "5 . / 02f
I \“\ _____________________________________________________________ L —
30 40
‘\ _ BB —K"ute™) BB - ¢utet)
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https://arxiv.org/abs/2207.04005

Searches fOI' B—)K*eu and B)—)d_)e!‘,; NP mode|s https:/arxiv.org/abs/2207.04005

%10~
-> Limit set assuming uniform phase space 2 osf .
;'1 0.5F
<> Distributions differs significantly in NP models 5 04
2 03
4 B(B" — K*e"pn") <9.9(11.5) x 10~° AT
F — ACy=-AC,, = —0.3 [FLaviO]
0 *0_— + -9 0.1F /' — ACgscaled [FLavio]
Scalar model C *¢=0 B(B - Kep ) < 8.4(10.2) x 10 I R B S S T P RS VRS T TR
B(B’ — K*e"u™) < 14.7(17.0) x 107° igevie]
\ B(BO — ¢e:|:,U':F) < 188(231) X 10_9 / %‘0-6?0— LHCDb simulation
4 B(B’ — K*e'p™) <8.0(9.5) x 107° A Y
Left-handed model ~ B(B® — K*e pu") < 6.7(8.3) x 10° | % oy
C,Fe=-C,H°#0 B(B’ — K*e"u™) < 12.0(13.9) x 107° o A G P
0 i T+ -9 0.1;— — ACgscaled [FLavio]
\ B(B — ¢e /J' ) < 16'5(20’5) X 10 / 0 ”é‘“:l”Ifliﬂlé”‘ll()lIlllil‘lz“ll6“'1|8”20
¢ [GeVY 4
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https://arxiv.org/abs/2207.04005

Searches for B—>K*qu: Fit

& E T T T 3 ~
& E e Daz E &
2 gE LHCb E 2
1 > E ; ~1 E >
=5 & TE-- B K thp 3fb"" (Run 1) = [5)
+ = 6F B K T 3 =
= 8 E -+ Background 3 8
o X S5FE S}
* = E =3
X 5 8
T 2 % S
o B 2F =
m < = <
< L N

o N - E

3000 4000 5000 6000 7000

Meorr [MeV/c?)
& nF — T &
§ " LHCb §
* v 10F 3fb ' Run1) 3 °
= = . 3 =
c b . ata - c
g & % — E
* :’ F 0 1T/ B’ 5K 1, p+ ] :’
! @ 6._ “““““““ B’ 5Kz ;1‘_- %}
2 L ’ ; ] 2
T S F «++++ Background E =
T 4 ] 5
=) F =)
R .

oF . A NERARRRE

3000 4000 5000 6000 7000
Meore [MeV/c?]

12 =
L LHCb
10F 6fb"' (Run2) J
F e Data ]
8- — Fit ]
ATy B >kt u ]
6 C By Ky u ]
i L Background ]
oF ;
0 E L e 0 b i 3
3000 4000 5000 6000 7000
Meore [MeV/c?)
45— — ]
40F LHCb 3
35E- 6fb ' (Run2) 3
30 E_ e Data 3
E — Fit
25 E 4 Ry e B K%t u
20F s B > KV 500 g3
15 E_ «:=.+ Background _E
10E 3
SE 3
GEs . - g
3000 4000 5000 6000 7000

Meore [MeV/c?]

Fit on data of corrected mass distribution
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https://arxiv.org/abs/2209.09846

Run 1 (3fb1) + Run 2 (6fb1) dataset
First search for BO—K*0rty*

Using B—D(— K+n'rl')Ds+(—> K*Kn*)
as normalization sample

Ku charge combinations treated
separately
Additional by

missing neutrino momentum from

challenge given

Missing momentum
in the transverse
plane

Invariant mass of
the final states
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https://arxiv.org/abs/2209.09846

Searches for B—>K*TLI Backeround example https://arxiv.org/abs/2209.09846

B -
PV f ¢
k Partial reconstructed decay /

- -
PV /ﬁ\

\ Double mis-ID B—D D / b—-clv, cascades with same final states as signal
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https://arxiv.org/abs/2209.09846

Searches for B—>K*tu: Results

=» No ssignificant signal observed
=> Upper limits at 90 (95)% CL

B(B" — K*7r"u7) <1.0(1.2) x 107°
B(B’ - K*r p") <8.2(9.8) x 10°°

90% CL

95% CL

https://arxiv.org/abs/2209.09846

—Tr—r—r—rTT
—4— Observed CLs

—— Expected CLs - Median
[ ExpectedCLs + 1 &
[ ExpectedCLs +2 ¢

10 15 20
B(B°— K"'t*ur)

+ Obscrved CLs

— Expocted CLs - Median 7

-Expo.-ucdcuuo ]
D Expecied Clst206

LHCb

Lepton Flavour Violation Searches in B decays at LHCb
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B(B’— K"t u*)
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https://arxiv.org/abs/2209.09846

Searches for B—>K*tu: Efficiencies https:/arxiv.org/abs/2209.09846

=» Efficiencies evaluated on MC assuming uniform phase space

=» Allows toreweight obtained results wrt a specific model
Veto on m(K*u~)>1885

MeV/c? to reject BO—D™ 1ty

bkg
— ——— ——r—r _
; 18 LHCb Simulation §
g 16 %
= 14 o
. 3
”é“lz ok

5 5

10
2
miwy, [GeV7/ 4

10
2
mi*o# . [GeV7/c?
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https://arxiv.org/abs/2209.09846

Why not searching for B—>K*te?

=» Firstlook at aze final state @ LHCb

New strategy to correct the B mass: refitting the

COMPARISON WITH B%—K*0r**

kinematics using mass constraints
LHCb unofficial
N 450 — ‘
> C SIMULATION |
> 400 M
g F DTF corr
8 350
"S - m 5255.3+3.5 5229.6+4.6
§ 300
= o 985+ 7.3 189.1+6.7
250
200 F 22/ndof 1.502582 1.713239
150;
1oof—
505
\\\‘\I\‘l\\‘l\\l\\\ """':“""_ihﬁ.‘.z._.
£500 4800 5000 5200 5400 5600 5800 6000  A200 Aann
Refitted/Corrected Mass [MeV/c?]
=» | Improvement in mass resolution | ¢ /

Tommaso Fulghesu
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Reasonable mass resolutionl comparing
electron and muon channels

— Feasibility of the decay search!

T 450
E F
o 400— SIMULATION
c F Mpre(e) Mpre (M)
£ 350[—
2 F m 5255.3+35 5282.6+2.5
S 300—
o C
250— o 98.5+ 7.3 57.5+6.6
200 22/ndof 1.502582 1435167
150|-
100—
50—
i il N IO IO RPN IO o = i
4500 4800 5000 5200 5400 5600 5800 6000 6200 6400

Refitted Mass [MeV/c?]
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Outlook

FINAL STATES WITH e and tu

Decay Limit (90% C.L.) | Integrated luminosity
B = eu 1.0-107° Sl
B, — e 5.4-107° 3 !
Bt Ktety 7.0-107° 3 fb~!
Bt o Kte—ut 6.4-107? 25 i e
B® — K*0eFy 9.9-107° 9 fb~!
B® - K*0ety~ 6.7-107° 9 fh~!
B® = K*¥e—yt 5.7-107? 9 fb!
B, — ¢eTu* 1.6-107% 9 fh!
B = 1.2-107° 3 fh!
B, = 11 3.4-1075 3 fb!
Bt = K*ru 3.9-107° 9 fh!
B® = K*0rt)~ 1.0-107° 9 fbh~'
B® — K07yt 8.2-107° 9 fb~!

Tommaso Fulghesu
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Outlook

FINAL STATES WITH et
Decay Limit (90% C.L.) | Integrated luminosity | Experiment
BY — e*7¥ 1.6-107° 772M BB (711 fb~ ) Belle
Bt 5 Kte*r¥ 3.0-107° 472M BB (426 fb~ ) BaBar
Bt = K*e'r 4.3-107° 472M BB (426 fb~ ) BaBar
B* - Kte 1t 1.5.107° 472M BB (426 fb™!) BaBar
Bt o ntefrT 7.5-107° 472M BB (426 fb™) BaBar
Bt = wtetr™ 7.4-107° 472M BB (426 fi 1) BaBar
Bt = qte 1t 2.0 - 10‘:’ 472M BB (-426 B, BaBar
B% = K*%ets™ 1.6 fb* LHCb
B® - K*0e~ 7+ 1.6 fb' LHCh

Lepton Flavour Violation Searches in B decays at LHCb
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Theoretical models

New Physics scenario with Leptoquark (LQ)
q; Lo 90 q; l,v ')
u’ RY Rl LQ L LQ
LO ' I,V '
Up} q; q> q;
. UL Tk,
Vrl,
Wy, -
b ‘ s [,
b L . [ s .
By DW+ B, D+
d 4
(a) (b)
Tommaso Fulghesu
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LFUV measurements

Ry 11,6 —e— +
RK; [1.1.6] o [ 1.6
Ry [0.045.1.1] = - + Wi LHCL21
Ry [1.1,6] 4 . + fod W LHCb21 (BY)
Ry [0.045.6.0] . — HH  Belle'l9
Ryx [0.1,6) - et 1.2 — HH  BaBar'12
P [25.4] - —— |
P; [4,6] = —4— —— Q“::‘ 10— i .
B(B? = gptp) [1.1,06] = s — - »
B(B! = ptp) - L [ 4 0.8 : * '
B(B" — p*p ) —_— [ — & i
Muon g — 2+ o - 0.6 g t
R(D)— 4 —e-
R(D") s ‘I_‘_ 0.4 T T T — T T T
R(J/v) [ S S 1 2 3 4 5 6 7 8 9
R(AH) | 0 ‘ ¢ [GeV?/ct]
B(B* = ) *l—o—}i-
5 ~1 =3 -2 —lpun"'i“a: 2 4 4 R, measurements for LHCb and B factories experiments

_ Lepton Flavour Violation Searches in B decays at LHCb _



LHCb detector

=» Single arm forward spectrometer,

designed for heavy flavour physics
Coverage:

= 2<n<5
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LHCb detector: reconstruction & tracking

=» Single arm forward spectrometer,

designed for heavy flavour physics

‘ COMPONENTS OF

—

@Z THE DETECTOR

Coverage:
2<n<5

T3

T1 I

T stations

T track
VELO
upstream track

long track

-
N
T .Y <

VELO track

downstream track
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LHCb detector: Particle Identification (PID)

=» Single arm forward spectrometer,

designed for heavy flavour physics
Coverage:

2<n<5

COMPONENTS OF
THE DETECTOR

e
o
12l

Cherenkov Angle (rads)

10*
Sl Momentum (GeV/c)

https://arxiv.org/pdf/1211.6759.pdf
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https://arxiv.org/pdf/1211.6759.pdf

LHCb detector: Energy deposit (calorimetry)

=» Single arm forward spectrometer,

designed for heavy flavour physics

Coverage:
2<n<5
COMPONENTS OF
THE DETECTOR
- 1 - Magnet BCAL
== % L
= s Upstream : Downstream
............. brem //;\\ . brem
] e _~ o ‘\\!
YT » Air E;

Bremsstrahlung recovery for electrons
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Future prospects for LFUV studies

0.30 ——

025

Ly

0.20 1

1

0.15

= 0.10

ojected uncerta

Pr

0.05

0.00

[R— Bvll(-—li Ry
Belle — II Rg.

=  LHCb R

LHCbh Ry,

— LHCb Ry
— LHCb R

1 |

2015

=*» Improvement of measurement uncertainties to get more precise

2020 2025 2030 2035

Year

https://arxiv.org/pdf/2207.01851.pdf

Observable Current LHCb U1l Belle 11 LHCb UII
R ([1,6] GeVZ/ct) 0.044 [3] 0.025 0.036 0.007
Ri+([1,6] GeV¥c?) 0.12 [4] 0.031 0.034 0.009
R(D*) 0.014 [12] 0.007 0.003 0.002
R(D) 0.030 [12] 0.004

R(JJ) 0.24 b 0.07 0.02
w(BT— K*up) 0.7 [65] 0.08

(B — K*Ouw) 1.8 [67 0.34

B(B— K*rt17) | <2x107° [6§] £58 X1

B(B*— ptv) 50% [69] 2.5%

B(BT - 7tv) 22% [70] 3.0%

information about these B anomalies

Tommaso Fulghesu
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https://arxiv.org/pdf/2207.01851.pdf
https://arxiv.org/pdf/2207.01851.pdf

Selection and Normalization for B—~K"ep and B —~dep
= Signal region in [4300, 6700] MeV/c?

=» PID requirements on final state hadrons and leptons to suppress double mis-ID bkg BO(S)—>

https://arxiv.org/abs/2207.04005

K*O(q)) l'[i I'ﬁ

= Mass window of invariant mass for K*i™ and K'K* with width respectively 100 MeV/c? and 12 MeV/c? for

K*0and ¢ and centered on known mass value

-> Vetoes for rejecting background for J/y and y(2s) resonances and semileptonic cascade involving D

mesons (b — ¢(— sl""'v)l" 7 decays)

4

)
3

"

I Data

Candidates / ( 5 MeV/c

Tommaso Fulghesu

----- B'—=J/y(—u i)k
--- Combinatorial bkg

—m Bi— ] (=K
e Ay=J Iy (=ut pK
- B'=J Iy (—>utu)K ;)
BY=JIy(—=utu)e

R e g
5200 5300 5400 5500 5600 5700 5800 5900
m(J/yK*m) [MeV/c?]

2

Candidates / ( 5 MeV/c

10°

10°E

LHCb

9fb! .
I Data B, = Buorm,

Bl Iy(—u'u)é
-- Combinatorial bkg
= B'=JIy(—utu)KK
e Ay=J (=t pK-
B'—=J/y(—utu)K™

N norm

Separate BDT for each of the two signal decay to remove combinatorial background

S N BRANCHING FRACTION
Esig ' FOR THE SIGNAL

Mode

a £ (Ostat D Osyst) [1077]
2011-2012  2015-2016  2017-2018

B%— K*
BY— K*
I B K*

5300 5400 5500 5600 5700 5800 5900 B> pute¥

T 247+0.14 238+0.16 1.49%0.09

250+0.15 239+£0.16 1.49%+0.09
248+0.14 239+0.16 1.49+0.09
9.50+£0.70 9.68+0.78 5.09 = 0.39

m(J/yK*K™) [MeV/c?]

Lepton Flavour Violation Searches in B decays at LHCb
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https://arxiv.org/abs/2207.04005

Selection, Normalization and Efficiencies for B—>K*tu https:/arxiv.org/abs/2209.09846

A

&

Tommaso Fulghesu

Signal region in [4600, 6400] MeV/c?

PID requirements on final state hadrons and leptons
BDT to suppress combinatorial background

BDT to suppress charmed meson contributionin T
reconstruction

Fisher discriminant using isolation information of the
candidates to remove partially reconstructed bkg
sources

Specific vetoes for D° mesons

Separate BDT for each of the two signal decay to

remove combinatorial background

& F I EENE N A 7]
S 3OF LHCb 3
O 300F 3fb'Run1) 3
= E 3
o 250F =
n? - e Data ]
~ 200 . =
&Vj E —Fit E
._5 1505— ---8° 5 DD? —E
g 100 ;— “““““ Background —;
C s0F =
oE af L bt 0

5200 5250 5300 5350 5400
My [MeV/c?)
2000 F LA R B R S Y A A A S B S A B
; 1800 LHCb 3
D 1600 E 6fb! (Run2) 3
= : =
o 1400 - 3
T 1200 * Data -
= E 3
&"5 1000 5_ — Fit _E
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https://arxiv.org/abs/2209.09846

DecayTreeFitter

Fitting the decay chain using Kalman filters (https://arxiv.org/pdf/physics/0503191.pdf)

e Extract the optimal set of decay tree parameters (f.e. momentum and energy) by fixing exact
(without associated uncertainty) and measured (with associated uncertainties) constraints and

using least square fit

PROBLEM: Missing momentum carried by the neutrino

Solution: B direction deduced from K*e system and assumption that TJ_=-(K*e)J_
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https://arxiv.org/pdf/physics/0503191.pdf
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