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B LFV in rare B decays

 Lepton Flavor is essentially (and accidentally...) conserved in the
Standard Model

- But not supported by strong theoretical reasons (e.g. underlying symmetry)

- Neutrino oscillations —» LFV —» extension of SM (O(10-4°) - unobservable)...
worse, 104, in the charged lepton sector
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- LFV observation in the charged sector - New Physics
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. LFU > LFV

While interest in lepton-flavour violation has been there for a long
time, there is renewed interest, especially in the HF sector

- Recent convincing (?) and coherent evidences of Lepton Flavor
Universality violations in measurements by LHCb/Belle/BaBar

R,

- b - ccharged currents: T vs. light leptons (u, e) [R , Ry, R,

« b - sneutral currents: pvs. e [R., R, (+ P." etc) ]

- LFU maybe just a low-energy property:

* the different families may well have a very different behavior at high energies
(explanation for their very different masses?).

- Most BSM - allow (large) charged LF[U]V (exp 3™ generation)

« SUSY, Extended Higgs, little Higgs, LQ, Z' [JHEP09(2017)040, Phys.Rev.D 59, 034019
(1999), Phys.Rev.Lett. 114 (2015) 091801, Phys.Rev.D 92, 054013 (2015), arXiv:1211.5168v3
JHEP12(2016)027(*), Phys.Rev.D86 (2012) 054023,arXiv:1505.05164, Phys.Rev.Lett. 118 (2017),

011801, JHEP11(2017)044, Phys.Rev.D 98, 115002 (2018), JHEP10(2018)148, arXiv:1903.11517 etc...]
- LFUV - LFV . o (1= Ric\?2 . o [1- Ri\?
B(B— Kp~e™)~3-10 ( 023 ) , B(B— K(e*,u~)77) ~2-10 ( 023 ) ,
BB, —pte) o0 (1 - RK)2 BB, »7He ,pn)) (1 - RK—)2
B(Bs — ptp~)sm 0.23 " B(Bs = ptpT)sm 0.23
(*) Hiller Loose Schonwald
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o Exciting times

* If the anomalies are due to NP, we should expect to see several other BSM effects in LFV
modes:
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Decays
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B Summary of relevant modes

Limits on Lepton Flavor Violating Decays
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[1] BaBar Phys. Rev. D 86, 012004 (2012)
[2] BaBar Phys.Rev.D77:091104 (2008)
[3] LHCb Phys.Rev.Lett. 111 (2013) 141801

[4] BaBar Phys. Rev. D73, 092001 (2006).
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. B(s) - U

- Many BSM explaining the anomalies predict large B(B , —» T*u¥)

- Z':107%[1]1to 107> [2]
- LQ:107°[3]to 10°[4] to 10~ [5]
- PS3:107*[6]
« Experimental status
- B(B® - T*pF ) < 2.2 10-5[7]
- B(B.,° » ¥ ): no limit yet

[1] Becirevic€ et al. [EP) C76(2016)134] [5] Smirnov [MPLA 33(2018)1550019]
[2] Crivellin et al. [PRD 92 (2015) 050413] [6] Bordone et al. [JHEP10(2018)148]
[3] Becirevic et al. [JHEP 11(2016)035] [7] BaBar, Phys.Rev.D77,091104(2008)
[4] Bhattacharya et al [JHEP 01(2017)15]
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. B(s) - U

* Challenging search: at least a missing neutrino in the final state
* Tau decay modes
- one-prong decays
e T->e vy :B=~17%
« T"=2p Vv :B=~17%
e T-->m v :B=~11%
e T-->p v :B=~22%
- three-prong decays
« T--omnmny B =~9%
« T onmnmnmni :B=~5%
- BaBar & Belle (ll)

- can constraint the kinematic of the decay using the information of the
other B and the centre of mass energy of the beam

— can use the one-prong decays, accessing ~ 70% of the T decays

* Not possible in hadron collider, even less with a forward detector

- in LHCb: focus on the 3-prong mode = reconstruct the T decay vertex
Giampiero Mancinelli (CPPM) 7/ 34



. B q Tu LHCb-PAPER-2019-016 /\

NEW!

LHCb analysis with Run 1 data (3 fb)

- Reconstruct B, —» t*u* candidates using the 3-prong T decay
- optimised for T~ »n ' nv_(B=~9%)
- T - mmntnno_also contributes to some level ~7%)
« Compute corrected B invariant mass
- Dblind signal region in data
« Background rejection

- multivariate techniques, isolation variables, ...
- use same-sign data (t*u*) + simulation for qualitative studies

* Signal yields extraction

- simultaneous fit to the mass distributions in bins of a final BDT

* bins have different signal over background ratios
- independently for B_.° and B°

« Branching fractions normalised to the B° - D~ (—=K*r—rt~)n* mode

Giampiero Mancinelli (CPPM) 8/34



B - T LHCb-PAPER-2019-016
B -

» Mass reconstruction easier than B »1*t~ T

- only one missing neutrino

- only 4 tracks ( T’T = (Bsx +10u])" = (Dan -|-17y)2
- the muon points to the B vertex 4 75 € (dy)
- enough constraints to compute (P3x +00) || (Zr = 75)

the neutrino momentum \ (P3r +Pu +00) || (7B — Zpv)

— ' 2-fol S S S
hence the B mass with a 2-fold Mg = \/(Esﬂ L E, 4 [5,)? = (Fam + P +7,)2

ambiguity
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B - tu

Preselection —

T —ayVy —>pPwm Vp —> T T

LHCb simulation

—1400 - T —1400

) Pralimjnary &)

— S

21200 - - 180 =1200

< 160 =
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= 120 E

E 800k 100 B 800

= 600 = 600
400 - 400
200 & 200

S0 1000
M (T'TT) [MeV/c?]

Isolation based BDT

- trained on same-sign data and
simulated signal

Events /5

- uses charged, neutral, and vertex
isolation variables

* 40% of signal efficiency
 more than 90% BG rejection

Giampiero Mancinelli (CPPM)
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. B(S) - Tu LHCb-PAPER-2019-016

* Main backgrounds:

- combinatorics

- partially reconstructed B decays Signal-like
topology
« Background samples D)

- same-sign candidates (T*u*)
* - selection optimization
- simulation

* - qualitative studies
» exclusive decays - non-exhaustive list
* inclusive b-samples - statistically limited

« Backgrounds rejection:

- multivariate classifiers
* including isolation variables
- dedicated selection against peaking background

- tdecay time for, e.g., B = D (=pv Jn mm*

Giampiero Mancinelli (CPPM) 12 /34



Signal-like topology:

LHCb-PAPER-2019-016

Before and after full selection
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. B(s) ._) ‘Icu' |
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5.8

Limited B_ and B signal separation
- B, signal fit, assuming no B contribution
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. B(S) - T,'u, LHCb-PAPER-2019-016

e Normalisation

B (B?S) — Tiu,$) = Q(s) ° NSig

(s)
o JBo .B(BO_>D(_> K r n )r") Epoupr 1
() fB? ) B(r——n—7ntnv;) €BY, i N norm

as = (4.324£0.61)-107" and o = (1.25+0.16) - 10~ *

| EB—Tu | EBDn | External inputs

rel. uncertaint ~/ 0 ata-vs- ~/ 0 trlgger . . o — . . 0
| inty | ~ 2% (d MC) | ~ 11% (trigger) | B°: 6.0% — BY: 8.4%
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B - tu

* Includes fit
systematics

- background shape
systematics worsen
the limit by ~35%

p-value
o
o0

o o
P~ @)

S
ko

T T T T T : '
----- Expected limit -

Expected limit (16) ]
i Expected limit (20) _
—— Observed limit

e
-
-

-
.
-
-
-
-
-
- -
-
-
------

OIlllllllllllllllll

(largest contribution) 0 . 1y 1076
20 40
B)—t*u* branching fraction
Mode Limit 90% CL 95% CL
B%— 75T | Observed | 3.4 x 107° | 4.2 x 107° FIRST MEASUREMENT
Expected | 3.9 x 107 | 4.7 x 107°
B®— 7, | Observed | 1.2 x 107 | 1.4 x 107° | BEST WORLD LIMIT
Expected | 1.6 x 107° | 1.9 x 107°
- Caveat:

- Inclusion of B—»a,uv mode (currently unmeasured) would improve the B_ limits

by ~16% x (B(B°— ay(1260)~ ptv,)/1074)

Giampiero Mancinelli (CPPM)
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B(Bs—Tu) x 104

Cornella. Fuentes- 107" i Excluded at 90% CL 41077
. B - Tu Martin, Isidori, | :
(s) [arXiv:1903.11517] | | 1o+
T 10-6L 107° T.,;
s 1 A
%Y @l
Bordone et al. [JHEP10(2018)148] - 10-6
107" F E
1078 TN BTN T B § [
6.0 - 1077 10°% 1077
B(T — u)
10—4- I 1 I ] 1
4.5 - : Excluded at 90% CL
4107
3.0 =
=
T
n:'f
1.5 H107° &
0.0 T I I L 10—'? TR Y T P PP T T 10_6
0.00 0.02 0.04 0.06 0.08 0.10 0.12 TS (VA (S (S (U (Ve
B
B(t-3u) x 108 (7= be)
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B - e LHCDb JHEP 1803 (2018) 078
B~ eun

* In LFV models, BR enhanced up to O(10-1%)

 Recent LHCb update
- follows [Phys.Rev.Lett. 111 (2013) 141801], performed with 1 fb~?!

B(B®— e*uT) < 2.8 x 107 at 90% C.L.
B(BY— 7)< 1.1 x107% at 90% C.L.

» Using all Runl data (3 fb)

- improvements

more triggers used, hence higher efficiency
improved and dedicated BDT

Giampiero Mancinelli (CPPM) 19/ 34



ECAL

. B - EM JHEP 1803 (2018) 078 Magnet
(s)

. Clean trigger signature L
* Muon recongtructlon extremely Upstream -~ Downstream
performant in LHCb brem = "
p
- Electron reconstruction e J

- resolution degraded by energy loss £
from bremsstrahlung

Air
- signal divided in sets with and
without bremsstrahlung photons
w3500 a0 1 ws000f T T T -
% F N O b rem LHCb Simulation 3 > EW |t h b rem LHCb Simulation
23000 ¢ 1 52500 E
22500 recovered 1 2,p0Lrecovered E
22000 1 2 ,
5 : 1 £1500F -
21500 = = - ]
£ - 1 £1000} -
S1000 | 1 & g ]
500 [ = 500 E
0 0 5800

" ) | ! | 1 L L - f ! ! | ! ) ] ] ) ) !
5000 5200 5400 5600 5800 5000 5200 5400 5600
metyx [MCV/CZ] met‘u: [MCV/C2]
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. B(S)—> eu

* Two normalisation
channels used: =3 400005

« Backgrounds

» BT = JApK™ (clean final state)
» BO — K*m(same topology as the signal)

LHCb

T

Main (peaking)
background is B? = K*rt~

PID reduces it to
negligible amounts (0.1
events)

« BDT

trained on MC for signal,
same-sign data for BG

no PID information used,
therefore response
determined on data with

JHEP 1803 (2018) 078

{ Data 1 2" A LHCb  { Data :
¥ - N
— Total S 8000 | — Total .
= L i
; o00f Y Combinatorial_:
g i BG_> K+TE_
4000 .
% r Bg—) K +T|:_
CRIS A Sph
= 5 _::'—‘-1' ‘‘‘‘‘‘ -, 'I e -
L L a:',' 0 " L L 1 L 1 L | 1 L L 1
5400 5600 - 5400 5600 5800
My i [MeV/c?] my.. [MeV/c?]
= U.Z T I | I
3 i i
g [ LHOb ]
2015 -
3 i -
& i -
0.1F —— -
0.05F -
u i 'l I 'l L 1 I 'l L A I L 'l 1 I L L L ]
0 0.2 0.4 0.6 0.8 |
BDT response
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No Brem photons Brem photons
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Be[stIWolrI(‘:I"ls "mit.s.SEt. L J_L

Mh@mﬂ“hmmbuha\mﬂhhd\ma

5
— 10 :. |
L gk ['3I6 IC":"]
o 4§
_:gl:_ (0.7, 0.8] 3
3 6 i
3 4
2 B
10 + 1
- —— sk [08,0.9]
0 2 4 6 . 8 6F ;
BF(B" — e af-
( 1Y) ‘L v
. 1
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0 + —9 2 | : 3 :
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Phys. Rev. D 98, 071101 (2018)
. B - K eu BeIIe

+ B® — Kure

48]
o

A%
%)
]

(772 11) x 10°BB events (711 fb?!)

=
41

* Signal/continuum discrimination from:

Events / (0.003 GeV/c?)
= )
l=] (=]

- a multivariate analyzer: neural network

o

=]

* Signal/double lepton background

P I L PR ST Ly
522 524 526 528
M, (GeV/c?)

- combinatorics and cascade SL decays
- Another NN devised

* Vetoes on /¥

]
4]
T

]
o
T

}[BO - Kopet

Events / ( 0.003 GeV/c? )
o

* Blind analysis
* Upper limits (90% CL)

=
9] o
e
i—é—l

=]

M N L L N N N L L M i 1 i
5.22 5.24 5.26 528
M, (GeV/c?)

Mode © Neig NS[iJgL 5 ) 505_ 0 *0
(%) (10-7) §4of+ B” —~ K pe
B K™%y te 88 —15T47 52 1.2 S sof
B K™y~ et 9.3 04748 74 16 £ 2f
B° — K*°uF e (combined)| 9.0 —-1.2%%5 8.0 1.8 ”3102
L.

PR e PR R 20 S
5.22 5.24 5.26 5.28
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B - K

Ongoing analysis in LHCb

- Comparison with B = T*u*

- 6 tracks ! But:

* only one missing neutrino
 the B decay vertex is reconstructed

- Reconstructed mass

* corrected mass

VPE+ M2, +Pr

- Background

 combinatorics + partially reconstructed
* suppressed using multivariate techniques

- Expect limits ~ few 10° (Run 1&2)
- Work in progress (LHCb) as well on (B_,"— K)B —Ktu
- BR~10° possible (BaBar already published a 90% C.L. limit of 4.8 10-)

- exploits B™ chain: full mass reconstruction in principle
Giampiero Mancinelli (CPPM) 24 [ 34



B Prospectives : LHCb

A whole family to be searched for:

- B -7 —~ 2.3 - 2018 (65 TeV): 2.19 /ib 5 5
(s) H’ .{-ﬁ N 2017 (6.5+2.51 TeV): 1.71 /tb + 0.10 /fb 201 8 201 2
: 21 __ . 2016 (6.5 TeV): 1.67 fib .................................... ..............................
- B, — ey, | | ;
= : 2015 (6.5 TeV): 0.33 /b
©) @ 18[ «  2012(407Tev) 208/
- Bt - KTH, 8 2011 (3.5 TeV): 1.11 fib
) = 1.6 ™ 2010 (3.5 TeV): 0.04 /ib
— BO - K OTHI S : : :
—
°
- B* - Key, g
—
o
— BO - K*Oeu’ 8
(o
. Bs - QTH, E
© S F S AT 4 B [y T
- B, gey, etc... & ¢ AT N N S
=

« Exploit data already accumulated

Nov
. Month of year
— LFV public results currently use Runl

dataset (2011/2012), 3 fb~! of pp
collisions at (7/8) TeV

- LHC Run2 ~6fb~! of pp collisions at 13
TeV! So much more data to analyze
 Upgrades:

2018-2021 ;UL X v erABrIr )1 2023-2025 UL K- Y vler LB 10r2:312028-2030
Shutdown

Run 5 (2030-2035+)

LHCb upgrade Phasel LHCb upgrade Phasell
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o Perspectives : LHCb +Belle II

Decays LHCb RUN3 LHCb RUN5 Adding e
(95% CL) (95% CL) improved
. . upgrade trigger
B-tu 1-210° 4-7 10 and tracking and
B —TW 5-9 106 1-3 10 better analysis
B-eu 2 1010 9 101
B.—eu 8 10 3107
Decays BELLE II limit reach
50 ab-1 (90% CL)
B-te/B-tu 1.6 10>/ 1.3 10°
B-Krte/B- Ktu 2.110°%/3.310°
Synergy in B —» 1 X: BELLE Il - better understanding of intermediate resonance structure of the Tt trtmtv decay
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. Conclusions

Lots of work on B meson LFV decays

- Motivated hy...
- LFUV anomalies, but not only...
* Very challenging at LHCb
- Missing energy (neutrinos)
- Electron ID
- High level and variety of (exclusive) backgrounds
* Not possible to just turn the crank
- Handmade (work of artisans!) analyses, made from scratch
- Longer time, published results are extensively scrutinized
- Small groups of people. Highly formative
- Isolations and other tools/selections, MVAs, creative control samples

- New gamers coming: interplay among experiments

 Analysis improvements & detector upgrades needed to get
to much more interesting regimes —

Giampiero Mancinelli (CPPM)
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‘ THE LHCb DETECTOR

VErtex LOcator RICH detectors Muon system
o, ~20 um e(K—K) ~95 % g(u—n) ~ 97 %
for h'ipt_:|h-‘r)1r tracks for 5 % n—K mis-id for 1-3 % p—an mis-id

interaction
point

Tracking system T 3
acceptance |\ | Apjp=0.4%@5 GeVicto Calorimeters

2<n<5 0.6 % @ 100 GeVic ECAL: 0JE~1% ® 10 % | VE (GeV)

UIUIIII\II\—IU IYIUALICIrIaiIn \~1 1 171y e J | J°T



. Other LFV measurements

T pu
T Pt
T— Hpp

DO — etpTF
B — et T
BY — eTu¥
HO — p*trF

B<44x10"7 @90%CL
B<33x107@90%CL
B<47%x108@90%CL
B <1.3x10 8 @90%CL
B <1.0x10?@90%CL
B<54x10"7@90%CL
B < 26% @ 95% CL

Physics Letters B 724 (2013)]
Physics Letters B 724 (2013)]
JHEP 02 (2015) 121]

[Phys. Lett. B754 (2016) 167]
JHEP 1803 (2018) 078]
JHEP 1803 (2018) 078]
arXiv:1808.07135]
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. Other LFV Measurements

B(Z0 — et uF) <75 x10~7 (@95%CL)

p~ DECAY MODES Fraction (I';/T) Confidence level (Merc}

0 4 —b6 0
— F <tz % s 5 B0 eFrT) <9.8x107¢ (095%CL)
ey LF <42  x10713 90% 53 B(Z9 5 uT1F) <1.2x107° (@95%CL)
e ete LF < 1.0 x 10~12 90% 53 0
e~ 2/‘]; LF < 7.2 X 10—11 90% 53 B[H - LLT} < 025% [@95%CLJ

B(HO — et) < 0.61% (@95%CL)
90% CL upper limits on t LFV decays

HFLAV
3 i
+ b+ 44y + b Spring 2017
T + + + -
+71 + +
$ + +
+ | | +++ |.+ +
4+ T4
IUG_ T E =
C F Y
.
A A
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4 Fy
“.‘ 1 * P [
L ! A A
— &
= . : | |
T = v & A n n
A
T = i A LI A m N a B
4 + L " s mE . A "_. "
[ | 'Y .‘.‘
i " :A..-.
" n
| n
10||||||||||||||||||||||1IIFIIIIIIIIIIJIIIJIIIIIIII
A -\’_,_ & & T & 5 L L oh ok o Covfel
'y '; 1*‘@4& P s 1 < S @ ¥ o XX FE-

* ATLAS 4 BaBar = Belle + CLEO @ LHCb
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. Fit W|th added

& 2000 B ! | =
L] -
= 1800 F =
% wE LHCb 3
Q |4005— BDT bin 1 —f
S ok —— Data E
E 1000 —— Background —;
5 SOf B B’ signal for BF=4.2x10"
= 600 =
S s0F =
& - E
200 = =
% 4!3' ; '5.Izj T4 56 jf:.S
M [GeV/c?]
B
Feg C T | T I T -
L 0 g
% ol LHCb 1
o F BDTbin3 :
- 200 = —]
<2 " ]
3wk :
= C N
= wf 5
= - .
3 N .
O S0 =
%o 48 5 5.2 5.4 Slﬁ s
M, [GeV/c?]
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sign

Candidates / (0.05 GeV/c?)

Candidates / (0.05 GeV/c?)

IBs

LHCb
BDT bin 2

5.4 3.8

M, [Ge‘v’f'c’]

LHCb

o BDT bin 4
80
5{}5—
40 (=
20
91.; a8 5 52 54 5.8
M [Ge\f’f'c"]
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B Fit with added signhal Bd

& 2000 = LA SELAL L L AL BN B a F L L B L L L
4 ; S ]
2 F LHCb § 3% sf LHCb 4
O e : E O F _ .
0 1400 - BDTbinl 3§ w2 wf BDTbin2 -
S nwE —— Data = Sk .
> 1000 - — Back d 3 o 300 E
2 1000 ackgroun - o F .
5 S0f B B’ signal for BF=1.4x10" 2 Lok e
3 omf 3 =7 :
= - - — = m
S ME E G 100 =
200 - E - ]
¥ S " 5.6 53 b6 a8 5 52 a4 56 5.8
M, [GeV/c?] M, [GeV/c?]

e = | | L o F | | L A
A ERS :
: LHCb 1 3 ™ LHCb 7
o Ve . ] 0 - \ ]
N BDTbin3 3§ o ™F BDT bin4 3
S 20 E S s0f -
g o E 5 ﬁﬂf— -
3 C ] = - .
5 10 - = 40 .
=] C ] = C .
5 50 - i}j 0 - -
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