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Lepton-number-violating decays

Can be mediated by a Majorana neutrino that mixes with SM neutrino [1]:
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2nd-order, yet somewhat enhanced if N is on-shell, my < Mpadron

— N can’t be a SM neutrino (even if Majorana), since m,, too small

A. Soffer, FPCP 2021 3
[1] e.g., Dong, Feng, Li, Chin. Phys. C 39 (2015) 013101



Lepton-flavor-violating decays

See talk by

* In principle, possible due to neutrino flavor oscillations ! _
Avelino Vicente
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» But suppressed by slow neutrino oscillations & 2™-order interaction
 Predicted LFV branching fractions <« 107>°
> Any LFV observation requires BSM mediator that’s highly LFV
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The BABAR experiment

T(nS) resonances
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The BABAR Detector

NIM A479 (2002) 1 157
NIM A729 (2013) 615 superconducting
solenoid
DIRC(PID) \
144 quartz bars "
11000 PMs

--/--

Instrumented Flux Return

RPCs /LSTs (muon / neutral hadrons)

EMC
6580 CsI(TI)

crystals

Drift Chamber

40 layers

Silicon Vertex

Tracker

5 layers, double sided strips
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DY — hh'¢¥' event selection

PRL 124 (2020) 071802

« Reconstruct D** — D% to reduce combinatorial background

Select D° —
— LFV:
n rntetut, K mtetut, K Ktetut
— LNV:
n n etet, mTn utut, mw ety
K n etet, K nutut, K netut
K K e%tet, K K u*tu*, K Ke*tu*

Hadronic-decays background (e.g., Cabibbo-favored D - K~ ntn~ )
suppressed by requiring (K 37) to be inconsistent with M po
Backgrounds from leptons arising from semileptonic decays or

charm decays with missing neutrals is suppressed with Fisher discriminant of 9
kinematic variables.

A. Soffer, FPCP 2021 7



D® > hh'£¢' yields

Determined for each mode from fit to
Am = m(D*") — m(D°)

—

Signal PDF = e ~(M=m0)*/[20 ptai,r(m=mo)]
(Cruijff function)

madeor = v [1- (Yool (- ()

(ARGUS function)

No significant signal seen

Signal Br and upper limits determined wrt.
normalization mode D® — hh'mm:

Decay mode Nuorm Systematic
(candidates) (%)

D° 5 K~ ntatn~ 260870 + 520 47

D° 5 K Ktntn™ 8480+ 110 6.6

D° 5 r-ntata™ 28470 + 220 6.8

A. Soffer, FPCP 2021
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D 0 — hh’ ,E,gl I‘esults PRL 124 (2020) 071802

E791, PRL 86 (2001) 3969

.

Decay mode Niig Esig B B 90% U.L. Previous best limit
) (candidates) (%) (x10™7) (x1077) (x1077)
T etet 0.22+3.15+0.54 4.38 0.27 +3.90 + 0.67 9.1 1120
7 ptut 6.69+4.884+0.80 4.91 7.40+5.4040.91 15.2 290
mretuyt 12424530+145 438 154+6.59+1.85 30.6 790
- ntet T 1.37+6.15+1.28 4.79 1.554+6.97 + 1.45 17.1 150
K nm7etet —023+097+1.28 3.19 —0.38+1.60+2.11 5.0 2060
K n~uTut™ —0.03+210+0.40 3.30 —0.05+ 3.34 +0.64 5.3 3900
K-nm~etut 387+396+236 348 5.84+597+3.56 21.0 2180
K- ntefpy™  2524460+135 3.65 3.62+6.61+1.95 19.0 5530
K K etet 030+1.08+0.41 3.25 0.434+1.54+0.58 S 1520
K K ptpt —1.09+1.294+0.42 6.21 —0.81 +0.96 + 0.32 146 950
K K etpyt 193+192+083 463 193+193+0.84 5.8 570
K -Kte*tpuT 4.09+3.00+159 4.83 3.934+2.89+1.45 10.0 1800

A. Soffer, FPCP 2019



Implications for Vyy

* The authors of ref. [1] provide an expected limit plot for |Vy,|?

* They comment that this 1s based on a MC 106
study in an unpublished thesis,
using 2.9 fb~1 collected at the Y (3770),
leading to an expected Br limit
Br(D® » K n~e%et) <~ 1077, -
too low given the cross section of 3.7 nb.

10
* Later, BESIII obtained a weaker limit [2], 02 03 04 05 06 07 08 09 L0

BT(DO > K n etet) < 28%x10°° my/GeV
(cf. BABAR: 5.0X10_7) / Fig. 3. Upper limits on [Ven|? at 90% confidence

level as a function of the Majorana neutrino mass
from the D’ =K~ eTe™n™ estimated from the MC
study at BESIII.

 So this plot seems 0(300) too tight

[1] Dong, Feng, Li, Chin. PhyS. C39 (2015) 013101 ffer, FPCP 2021 10
[2] BESIII, PRD 99 (2019) 112002



Implications for Vyy

0¥

If so, the ~x300 projected limit for BESIII ~ —* i
is similar to observed limits from searches 1077 | il

for heavy neutral leptons S
(summarized in Belle paper PRD 87 (2013) 071102,
excluding newer measurements)

02 03 04 05 06 07 08 09 10
my/GeV
Fig. 3. Upper limits on |Ven|? at 90% confidence
level as a function of the Majorana neutrino mass
from the D° =K~ eTeTn™ estimated from the MC
study at BESIII.

5 }
M,(GeV/c? M(GeV/c?)
a) b)

FIG. 2. Comparison of the obtained upper limits for |Ue|? (a) and |U,|? (b) with existing experimental results from CHARM, 1

CHARMII, DELPHI, NuTeV, BEBC and NA3.



DY — XY¢¢' results

PRD 101 (2020) 112003
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Heavy Flavor Averaging Group https://hflav.web.cern.ch

Summary of LNV/LFV
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Search for BT » K u~t™

LHCb, JHEP 2020 (2020) 129 | 9 fb™*

 This charge combination is cleaner than B* - KT u*7™,
which has more background from B — DXu*v, dueto D — K*

* Produce the B in the decay B)Y - BYK~

* Obtain the 7~ 4-momentum up to a quadratic ambiguity by using the
K*u~ vertex and the known masses.

Kt
/ 7% daughter

~ > -
- - — [

“T% does not have to
be reconstructed

— Previously used this technique for B¥ = D°Xu*v, [PRD 99 (2019) 092009

A. Soffer, FPCP 2021 15



Signal & background

Signal-like

aD 02F 71 ' ' d 2 J J A ' X T - Yo F T T T T T T T T T T /-l-v N
- ‘ — : — —
S 0.18 5 LHCb simulation %4000 = LHCb .. -~0sk =K K'ut
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* Use the SSK sample to train a BDT to separate signal from background, e.g.,
— B> D(=>K*X) Yu=v, (SL b decays with wrong-sign charm decay)
— B> D(->K*uv,)Y  (u from charm decay)

e Although M, ~ M_, there 1s no SM background that peaks in mrzmss, e.g.,
— B = K"u~(V,)D™ not possible in the SM
— B" > KT~ D" is 2" order (with ©~ misidentified as u™)
A. Soffer, FPCP 2021 16



Signal extraction

Fit mZ ;s distribution to signal peak + polynomial background in 4 BDT bins
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No significant signal
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Normalization and results

Normalize the yield to B¥ - J/Y K™

% 400 ENN S A N + DN B ,>-\ 140 L I =
2 —e— Data é’ —e— Data ]
= 350 — Fit = L s i E
\\-/ 271"0) — N | UM Background 9 100 «===+ Background _:
8 250 = .
S g 80 F
o = &
5 150 = .
< —_

100 5 X .

50 20 4 111 Iy ISP 1 e, —-'l

0 0 i A " L L n i i " A L n

5200 5250 5300 5350 40 54 68 82 96

M.y . [MeV] M. — My, — My [MeV]

B(BT— K u~7%) < 3.9 x 107° at 90% CL,
< 4.5 x 107° at 95% CL.

A. Soffer, FPCP 2021 18



Heavy FLavor AVeraging group (HFLAV) - April 2019
Compilation of B* Semi-leptonic LFV & LNV Branching Fractions (x107%) - UL at 90% CL

I ,N \/ & I ,F \/ RPP+# Mode PDG2017 Avg. BABAR BELLE LHCb Our Avg. |

552 ateu¥ < 0.17 <0.17 < 0.17
553 ntetT™ <74 <74 <74
B decays summary |2 o o2
555 ntetr¥ <75 <175 <75
556 L SNTAR i < 62 < 62 < 62
557 atu—rt <45 <45 < 45
558 aturr¥ - <72 <72
HFLAV https://hflav.web.cern.ch 550 K+etu- <0091 <0091 <0091
560 K*e ut <0.13 <0.13 <0.13
561 Ktetu¥ < 0.091 < 0.091 < 0.091
562 Ktetr= <43 < 43 <43
563 K*e r+ <15 <15 <15
564 K*texr¥ < 30 < 30 < 30
565 K*ytr= < 45 < 45 <45
566 Ktu-rt <28 <28 <39 28
567 K*p*r¥ < 48 < 48 < 48
568 K*etp~ <13 <13 <13
569 K* e put < 0.99 < 0.99 < 0.99
570 K*teru¥ <14 <14 <14
571 n-etet < 0.023 < 0.023 <0.023
572 x~ptut < 0.013 < 0.107 <0.0047 <0.0047
573 a~etut < 0.15 <0.15 < 0.15
574 petet <0.17 <0.17 <0.17
575 pptpt <042 <042 <042
576 petut <047 <047 <047
577 K-ete* < 0.03 <0.03 < 0.03
578 K= ptpt < 0.041 < 0.067 <0.041  <0.041
579 K-etut < 0.16 <0.16 <0.16
580 K*-etet < 0.40 < 0.40 < 0.40
581 K*= it < 0.59 < 0.59 < 0.59
582 K*-etut < 0.30 < 0.30 < 0.30
583 D-etet <26 <26 <26 <26
584 D-etut < 1.8 < 2.1 <18 <18
585 D~ ptpt < 0.69 <17 =14 < 0.69 < 0.69
586 Dyt < 0.58 < 0.58 < 0.58
|_NV too. 587 DOzt pt <15 <15 <15
589 Aot < 0.06 < 0.06 < 0.06
590 Alet < 0.032 < 0.032 < 0.032
2] 591 Aoyt < 0.06 < 0.06 < 0.06
592 Al < 0.08 < 0.08 < 0.08



https://hflav.web.cern.ch/

B&) — u*u~ LHC combination

LHCb-CONF-2020-002 PRL 118 (2017) 191801, 1fo' @ 7/8 TeV+ 1.4 1fb' @ 13 TeV
Same note: | CMS PAS BPH-20-003 1| JHEP 04 (2020) 188, 25 fb' @ 7/8 TeV +26.3 fbr! @ 13 TeV
ATLAS-CONF-2020-049 JHEP 04 (2019) 098, 25 fb"' @ 7/8 TeV + 36.0 fb! @ 13 TeV

 FCNC decays, both loop- and helicity-suppressed

* Very rare in the SM and hence a good probe of NP

* Uncertainties in the SM BR calculation recently reduced thanks to advances in
— Lattice QCD [e.g., Flavour Lattice Averaging Group, EPJC 80 (2020) 113]
— EW effects at NLO [Bobeth, Gorbahn, Stamou, PRD 89 (2014) 034023]
— QCD effects at NNLO [Hermann, Misiak, Steinhauser, JHEP 12 (2013) 097]

* SM expectations for the BRs:

B(B) — p*p)
B(B® — putu)

(3.66 £ 0.14) x 10~
(1.03 £ 0.05) x 10710

A. Soffer, FPCP 2021 20



Effective lifetime for B & pu™u~

Time-dependent partial width for B, + B, (no flavor tag)

OO\
Jo t(T(B) = ptp))dt
TBowtun = JS(T(BY — ptp)) dt
TRO [1 + 2AArYs + y?]

(s y;? 1 T AAFys

Width diff. b/w
mass eigenstates +——7 i
— AT, R

— + -—
hT_ RpHtH
Ys = ’ AAP = 2 = L =
2T, REHT S.RETE
Average width of / H L

mass eigenstates, \ i

1/5 Heavy- and light-eigenstate contribution
to the decay » u*u~

utu~ is CP-odd, so Apr = 1 in the SM,
expect Tg. ,+,~ = Tgu=1.609 + 0.010 ps. This could change in NP. 2



Events / 40 MeV
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ATLAS, CMS, LHCD results

e BR measured wrt. that of BT — J /i K* (LHCb used also B® - K 1r7)

Nty u-
B(BY - pru) = EE RS B ey g )
fe EBOutp— NB+—>J/¢K+

Is — 0.259 + 0.015 measured by LHCb @ 7 TeV

fa
B(B) - putu™) = (2.8%33) x 1079,

ATLAS BB = utp”) = (~1.9+1.6) x 1071,

B(B? = ptp™) = [2.970%(exp) £ 0.2(frag)] x 1079,
CMS B(B" = utu) = (0.8%75) x 107",

Tty = 1707593 £0/09ps

B(B° - utu™) = (3.0+0.6%03) x 107,
B(B® - ptp”) = (15713703) x 107,
TBo -yt u- = 2.04 £ 0.44 % 0.05 ps .

LHCb



Combination of profile likelithoods

06¢ ATLAS CMS, LHCDb - Summer 2020 06¢ ATLAS CMS LHCb Summer 2020
cig F ////I 'Prehrmnaryl _— ATLAS ' . g F I Prehmmary o .
= ospk /7 2011-2016data  __Cms 1 = osk —— 2011-2016data ]
o a ‘j;x;;g—""“':::;\\ --LHCb ] T F ’
B DALE o T ey “U—Combined § £+ 04F r
= 3, / / ‘\\ 23 \E 3. E E
1 03F / 4 1 o3f =
L 5 / : Q - ]
Q 02F |/ 4 8 oz2f -
Q 4 ] Q i .
0.1F 4 | 3 0.1F T
LN } - oEL. .
1 5 1 4 5
BB — w) (107) B(B] — pp) (107)
0 e . + 0. 37) -9
B(B? - ptu~) = (2.69733) x 10 .
- - - 0
BB’ — ptp~) = (0.6+£0.7) x 10710 <1.9%107°7 (95%)
+0.030
R = 0.021109% < 0.069 (95%)
e CMS LHCb Summer 2020
g C I Prellmma.ry S 7
4 14;‘ 2011 - 2016 data E
(N - o
I 12:—
10;—
8
+0.37 6F
TR0 utpu~ = 1917035 ps s
2F I
ok i

A. Soffer, FPCP 2021 o1




Search for B® - invisible (+y)

FCNC, suppressed in the SM:
— BR(B° - invis.) ~ 1071 (for 4v) [1]
— BR(B? -» viy) ~ 1077 [2]

Fully reconstruct the other (tag) B
in O(103) hadronic modes

— (The 2 B’s are not separated by direction)

Reject events with additional
good tracks, ¥ or K}

[1] Bhattacharya, Grant, Petrov, PRD 99 (2019) 093010
[2] Lu, Zhang, PLB 381 (1996) 348

Belle, PRD 102 (2020) 012003 | 711 fb™,772x10° BB
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Signal and background

Two neural networks used to suppress background

— (plots for B® - ¥ + invis. Those for B - invis. are similar):
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Signal extraction & results

« B9 - invis.: Fit the data distributions in 2 variables (uncorrelated)
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« BY - invis. +y: subtract bgd. estimated from Oy, sideband, and count

B (B” — invisible) < 7.8 x 107" 0
B(B° — invisible + ) < 1.6 x 1075 | 22 ¢t .




Conclusions

 LFV, LNV, and rare decays are an excellent probe for NP

* Continually exploited as experiments collect more data and develop new
analysis techniques

e Summary of the recent numbers:

Decay mode Niig Esig B B 90% U.L.
) (candidates) (%) (x1077) (el 1 T g
T reteT  022+315+054 438 027+390+067 9.1 B(B*— KTp %) <3.9 x 107 at 90% CL,
T T
T pt 6.60 £4.884+080 491 7.40+5.40+0.091 15.2 _ig
T eyt 12424530+ 1.45 438 1544+6.59+1.85 30.6 <4.5x 107 at 95% CL.
a rtetuyT  1374+6.15+128 4.79 1.554+6.97 +1.45 17.1
K netet —0.23+097+128 3.19 —0.384+1.60+2.11 5.0 B(B° ot +0.37 =g
K n pTpt —0.03+£2.10+£040 3.30 —0.05 + 3.34 £ 0.64 5.3 o + : 10 -10
=) = -10 < 1.9%10 959
K-n~etuyt 3.87+3.964+236 348 5.8445.97+3.56 210 BB —=ptpm) = (06+ 9-7) x 10 (5%)
K ntetpy®™  252+460+1.35 3.65 3.62+6.61+1.95 19.0 R =0.02170%0 < 0.069 (95%)
K K ete™ 03041084041 325 0.434+1.54+0.58 34
K K pTpt —1.094+1.294042 6.21 —0.81 4 0.96 £ 0.32 1.0
K:K;eilﬁ 1.93+1.92+0.83 463 1.93+1.934+0.84 5.8 +0.37
K-KtetuT 4.09+3.00+159 483 3.934+2.89+1.45 10.0 TB?—>;L+;L_ — ]_.91_0 35 ps
Nsig €sig B (X10_7) B 90% 1
Decay mode (candidates) (%) BABAR
D° - 7Pty —-0.34+2.04+09 2.15+4+0.03 —0.6+4.8+2.3 8.0
0 . o il
D° - Kle* ™ 0.7+1.74+07 3014004 19+46+19 86 B (B” — invisible) < 7.8 x 10
D° — K%ty T 08+18+08 231+0.03 28+61+26 124 0 L. 5 _5
D° o et uF _07+17+04 2104003 —18+44+1.0 5.0 B (B” — invisible + v) < 1.6 x 10
D° —» petput 00+144+03 3434004 01438409 5.1
D° - wep¥ 04+23+05 146+003 18+95+19 17.1 (90%)
D° - netput 6.1+9.7+23 225
with 7 — vy 16423405 2964004 70+£105424 240 00, )3
withn - 7tz 7% 0.0+£2.8+0.7 2464004 04+25.8+6.0 42.8




