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e 7= — p~p~ T at hadron colliders — first time shown!
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Lepton Number Violation

Lepton Number Violation

@ Lepton number is conserved in the Standard
Model
@ Lepton number violation introduced in many
New Physics models, e.g.:
e 4" quark generation
(arXiv:hep-ph/1106.0343)
e SO(10) SUSY GUT
(arXiv:hep-ph/9501298)
e exotic Higgs
(A. Zee, Phys. Lett. B93, 389 (1980))
@ Majorana neutrinos violate Lepton Number
classic search: neutrinoless double beta-decay
(—Dongming Mei’s talk)

@ Similar fundamental process with mesons
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Lepton Number Violation

LNV in meson decays

Dt —» 7 utut

@ resonant production in
accessible mass range

@ rates depend on Majorana
neutrino—lepton coupling | V4|
(e.g. arXiv:0901.3589)

@ my=my ..
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Lepton Number Violation

LNV in meson decays
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@ resonant production in
accessible mass range

@ rates depend on Majorana
neutrino—lepton coupling

|Vya s e
(e.g. arXiv:0901.3589) m, (GeV)
@ my=my— .+ Status of 2009

arXiv:0901.3589
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Lepton Number Violation [0Syl el

limits on LNV in charm decays

charm decays BRUL] BT 0L
Yield Eff. 90% CL [90% CL
@ latest limits from BaBar Decay mode (ovents) (%) (107H) | (1079)
. D 5ree 17E£47+05 3.16 6.8 1.9
@ includes Lepton Number DY S ptut —31+1.2+0.5 0.70 75 2.0
. . Dt s rptet  —514£42420 172 74 2.0
and Flavour Violation Df s retet  —57+14.+£34 6.84 1.8 4.1
Df s rptpt 06£51+£27 1.05 6.2 14
(*] comprehensive list of Df s a ptet  —02+7.9+06 2.23 3.6 8.4
DY 5 K-etet  —28+24402 2.67 3.1 0.9

+ -+ -+ + — ot 5 s E
DT, DS , and /\c decays D > K-p'ut  T2+54+16 0.80 37 10
DY 5 K ptet —11.6+4.0+3.1 1.52 6.8 1.9
Df - K etet 23479433 4.10 2.1 5.2
Df - K—ptpt —23+50428 098 5.3 13
D = K ptet —14.04£84420 2.26 2.4 6.1
AF = pete —-1.5+424+15 5.14 0.4 2.7
AF = putpt —0.04+21406 0.94 14 9.4
AF s putet 101 £58+35 250 2.3 16

4P Phys. Rev. D 84, 072006 (2011)
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http://link.aps.org/doi/10.1103/PhysRevD.84.072006

Lepton Number Violation

limits on LNV in charm decays

charm decays
@ latest limits from BaBar

@ includes Lepton Number
and Flavour Violation

@ comprehensive list of
D+, D,*, and A decays
@ best limit for most channels
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Lepton Number Violation [ Sy Ry

LNV in bottom decays

B — htiv ¢~
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Lepton Number Violation [ Sy Ry

LNV in bottom decays

. virtual neutrin
on-shell neutrino twal neut o

@ resonant production in
accessible mass range :
, special for B decays
@ rates depend on Majorana . . -
neutrino—lepton coupling |V, 4| dlagrgm without mass restriction
(e.g. arXiv:0901.3589) Cabbibo favoured for B — D

o m4 — m€—77r+
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Lepton Number Violation [ Sy Ry

search for Majorana neutrinos at LHCb

@ searches at B factories in Liang Sun’s talk
@ LHCb: search for
B —watu pu~
B =Dy pu~
B~ =Dy
e B~ = D*"upu~
@ consider topology in reconstruction
o allow for flight distance for on-shell neutrinos

@ common vertex for virtual neutrinos .
Ty H
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http://hep.ustc.edu.cn/indico/contributionDisplay.py?contribId=4&confId=7

Lepton Number Violation [ Sy Ry

virtual Majorana neutrinos

B~ — Dtupu~ B~ = D"y~
(a) LHCb ' ’ Tome '
% >
EA- n - % 4 -
o 1 .
5100 5200 5300 5400 5500 5100

M
5200 5300 5400 5500

Invariant mass of D*p‘p' (MeV) Invariant mass of D* i (MeV)

BB~ =Dty ") <6.9x 107 BB~ =D pup) <24 x1076
@ 95% CL @ 95% CL

% 0.41 fo !
arXiv:1201.5600
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http://arxiv.org/abs/1201.5600

Lepton Number Violation [ Sy Ry

on-shell Majorana neutrinos
@ mis-identification rates from data with mass shape from simulation

B~ = Dfu ™

LHCb

Events /10 MeV
o

Iy

L L L L
5100 5200 5300 5400 5500

0 5300 5400 N
Invariant mass of ©'yp (MeV) Invariant mass of D} 1" (MeV)

assuming B~ phase space decay:
BB~ = atu—p~)<1.3x 1078 BB~ = Dy p~) <58x 1077

@ 95% CL @ 95% CL
éiﬁcb 0.41 fo~!
ACO
arXiv:1201.5600
cjﬁ'(n Paul Seyfert (Heidelberg University) LFV and LNV
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Lepton Number Violation [ Sy Ry

implications on Majorana mass

mass extraction
Determine limit as function of h*p~ mass
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Lepton Number Violation [ Sy Ry

new bounds for on shell Majorana neutrinos

Status of 2009
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Lepton Number Violation

@ Four body B decay complementary to three body decay
(arXiv:1108.6009)

@ my=m(r"u")

+ enhanced by W couplings

- smaller mass range accessible (260 MeV < my4 < 3.3 GeV)
@ first performed at LHCb

u:ﬁf:a Paul Seyfert (Heidelberg University) LFV and LNV FPCP 2012 14 /31 %


http://arxiv.org/abs/1108.6009

Lepton Number Violation BT — D07r+pfu*
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c F a
2 5 > P
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N 0 R
Invariant mass of D n* u” p” (MeV) Majorana neutrino mass (MeV)

BB~ =D u ) <1.5x 107 @95% CL @
Less restrictive than B~ — 7~ u~ on [V, %Cb]
¥

4LHCb, CERN-PH-EP-2012-006, arXiv:1201.5600
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http://arxiv.org/abs/1201.5600

Lepton Number Violation [ Rl plFiS Vi

Summary on LNV in B decays

channel limit
BB~ — 7wtee) <23x10% @90%CL &2
BB~ — K'e e?) <30x107% @90%CL £°
B(B~ — K**e7e™) <28x107°% @90%CL ER
B(B~ — ptee") <26x107° @90%CL B
B(B~ — Dtee™) <26x107® @90%CL E&°
BB~ —D'e ") <18x107® @90%CL
BB~ = ntu~p7) <13x107% @95%CL sk
7
7

BB~ =K u pu <54x1077 @95%CL ke
BB~ =D upu <69x1077 @95%CL uk’
BB~ =D u"u”) <24x10°% @95%CL ik’
BB~ —=Dfupu”) <58x1077 @95%CL i’
BB~ —»D7 ppT) <15x107% @95%CL sk’

aBaBar,Phys. Rev. D 85, 071103 (2012)

bCLEO, Phys. Rev. D 65, 111102 (2002)

°Belle, Phys. Rev. D 84, 071106(R), (2011)

9 HCb, CERN-PH-EP-2012-006, arXiv:1201.5600 (2012)
°LHCb, Phys. Rev. Lett. 108 101601 (2012)
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http://link.aps.org/doi/10.1103/PhysRevD.85.071103
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Lepton Flavour Violation

Lepton Flavour Violation

@D — h (e~
@ B~ — 1 /K 7H/(F
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Lepton Flavour Violation

Lepton Flavour Violation

Standard Model + neutrino oscillation

@ established for neutrinos

Dt — ntpu~et
@ can enter charged sector

in loops I
@ predicted rates
unmeasurable small — 5 T <+
W : (1 e : W ©
| |
- - -
C u
D+ s/d o
-
d
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Lepton Flavour Violation [0Sl Ay

Lepton Flavour Violation

, _ extended Higgs
@ established for neutrinos

@ can enter charged sector DT — rtu~et
in loops _
. 12
@ predicted rates /
unmeasurable small ; -
@ enhancement predicted in dg et
many New Physics > ' >
models, e.g. pt ¢ d ot
-
@ multi-Higgs extensions’ d

@ leptoquarks?

@ low scale seesaw models®
'Phys. Rev. D 44, 1461
2Z. Phys. C 61, 613
®Phys. Rev. D 73, 074011
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http://link.aps.org/doi/10.1103/PhysRevD.44.1461
http://arxiv.org/abs/hep-ph/9309310
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Lepton Flavour Violation [0Sl Ay

LFV in charm decays
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LFV in bottom decays

<
7))
=
T
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@ LFV 7 sector not probed by D decays

@ enough energy available in B decays

@ multi Higgs models enhance B — hrp over other channels*
@ challenging: neutrino in 7 decay similar to B — X/v

“Phys. Rev. D 44 1461

a:ﬁf:a Paul Seyfert (Heidelberg University) LFV and LNV FPCP 2012
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http://link.aps.org/doi/10.1103/PhysRevD.44.1461

Lepton Flavour Violation

LFV in bottom decays

channel limit

BBT 5 K7 puT) <45x107° #easang
BB" = Ktrtu™) <2.8x107° #masarg
BBY =K't et) <43x1075 #wsarg
BB" = Ktrte™) < 1.5x107° #masarg
BBT - 7tr ut) <6.2x107° #masarg
BB" = 7trtuT) <45x107°  #masarg
BBY = 7fr7e") < 7.4x1075 #masarg
BB" = ntrte™) < 2.0x107° #Basarg
BBT — ntuteT) <1.7x1077 #sasab
B(B* = Kute™) <9.1x1078 #Bsarb

a: BaBar, arXivi1204.2852, 429 fb~!
b: BaBar, Phys. Rev. Let. 99, 051801 (2007), 209 fb~'

9 Paul Seyfert (Heidelberg University)

LFV and LNV

BT — ﬂf/KfTilq:

LFV energy scale

/\Bd .

details in talk of Giovanni
Marchiori

22TeV — 11 TeV

/\BS o

2.6 TeV — 15 TeV

FPCP 2012
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http://hep.ustc.edu.cn/indico/contributionDisplay.py?contribId=28&confId=7
http://hep.ustc.edu.cn/indico/contributionDisplay.py?contribId=28&confId=7
http://arxiv.org/abs/1204.2852
http://link.aps.org/doi/10.1103/PhysRevLett.99.051801

#F83 — u~ p ut athadron colliders — first time shown!

7~ — u p~pt at hadron colliders

@ in Standard Model + neutrino
oscillation introduced in T
penguin diagrams

@ highly suppressed

(B < 107*) vy 5,
@ enhanced by e.g. charged
Higgs wo

@ best measurements
conducted at B factories
(Francesco Renga’s talk)

also possible at hadron
colliders

Ty

3 " P .
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http://hep.ustc.edu.cn/indico/contributionDisplay.py?contribId=43&confId=7

. — p . p' athadron colliders — first time shown!

T — pppe in hadron collisions

T sources at the LHC

@ inclusive 7 cross section
79.5+ 8.3 pb at
/s =7 TeV in the LHCb

- acceptance
T sources at B factories ;
— 7.9 x 10'% 7 produced

R N

@ dominant: D, — 7. (78%)
I no 7 tag possible

@ standard 7 signatures very
similar to D decays
(Dt = atr—ata0
vs. 7t =t ty;)

@ allows 7 tag
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— p~— p~ p' at hadron colliders — first time shown!

Strategy

@ Loose cut based selection %
@ Classification in 3D space: Signal & Calibration channel

@ invariant mass

e decay topology
(multivariate)

e particle identification
(multivariate)

@ Classifier trained on simulation

@ Calibration with control
channel

@ Normalisation with D D ¢

@ CLs method to extract the
result 2

3 " P .
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. — p . p' athadron colliders — first time shown!

Strategy

@ Loose cut based selection %
° Clas§|f|c§t|on in 3D space: Signal & peaking background
@ invariant mass

e decay topology
(multivariate)

e particle identification
(multivariate)

@ Classifier trained on simulation
@ Calibration with control

channel u
@ Normalisation with D D Y n
@ CLs method to extract the

result M

3 " P .
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— p~— p~ p' at hadron colliders — first time shown!

Normalisation channel D" — ¢(up™)r™

produced 7 leptons

a(pp — Dy — 7) B(Dg — ¢(pt)m) Enorm
o(pp — ) B(Dg — 117)

N,
B(r = pppr) = —HEE

Esig NDS—)(]S(MM)TF

(s LHCD-CONF-2012-015

« 3500p
@ bb and cc production ¢ b e ]
measurements from LHCb =k Preliminary 3
£ 2500F
@ B — 7 and D — 7 branching 2000
ratios from LEP / B factories 1500F
@ upur final state 1000
— systematics cancel o E
Y trigger 0 1940 1960 1980 2000 2020
. m(utpr)(MeVic?)
@ reconstruction
e selection 45515D — ¢(utp~)w decays
aﬂ:a Paul Seyfert (Heidelberg University) LFV and LNV
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. — p . p' athadron colliders — first time shown!

Normalisation channel D" — ¢(up™)r™

produced 7 leptons

a(pp — Dy — 7) B(Dy — é(p

,U)7T) €norm

N

B(r — ppp) = (6D = 7)

B’(DS — TU,)

esig- Nb,—g ()

@ bb and cc production
measurements from LHCb

@ B — 7 and D — 7 branching
ratios from LEP / B factories

@ uum final state
— systematics cancel

@ non resonant contribution
< 2%

4 4500F

= 4000 :

%_3500

-
3000

2
£ 2500

(]
712000
1500
1000]
500

)
980

o“

LHCb _

Preliminary

1000

1020

1040 1060
m(uu)(MeVv/c?)

background substracted .t~ mass

3 . P
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5. — p~ p~ pt at hadron colliders — first time shown!

signal likelihoods

3 body decay likelihood particle identification

@ vertex properties @ hits in muon chambers
e vertex fit, pointing @ energy in calorimeters
@ track quality e compatible with MIP
@ isolation @ RICH information
Calibration Calibration
D — ¢m W — ptp
go:;:;LHCb simulation E E o.1£~LHCb simulation I *;
go.ozii E g 0.08 .
% ook 3 w ook E

0'04} M {
E 0.02- ?l} e
o L L b - _-"—"IJ— L!.I.1 ]
-1 05 0

Mlln,
. 05 1 -0.5 . [
background signal Mo backaround signal Mee
c:ﬁ'(a Paul Seyfert (Heidelberg University) LFV and LNV FPCP 2012 26/31 %



— p~— p~ p' at hadron colliders — first time shown!

invariant mass

two fold role % 1 fp-1

@ background estimation in sidebands LHCb—CONF—
@ different signal likelihood inside signal region 2012-015
~ 40— . —
> o ]
8 350:—L_HCb | 3
@ F simulation JJLL‘ E
c 300 3
[ o 3
> o 3
] 250:— E )
200F- JJ’ 3 @ mass resolution and
150E E mass scale
100E HlL 3 calibrated on data
sof- | H\ 3
0: 1 Py ey, 1 . L:

1740 1760 1780 1800 1820
m(urww) (MeV/c?)
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. — pp p at hadron colliders — first time shown!

signal likelihoods

combined signal distribution % 1 fp-1

@ events distributed over 25 likelihood bins LHCb-CONF—
@ background estimate from mass sidebands 2012-015
LHCDb preliminar
o 5r — L , : .16
59 457 0.009 0.019 0.028 0.031 0.006 0.14 ° 11 o/o Slgnal
% [ . .
= [ oo 0.12 efficiency
C 0.1
3_7 [e) 1
[ 0054 0.08 21 _A:’ Slgnal
2 0.06 efficiency
]; 0.028 0.046 0.051 0.038 0.006 0.04 Y fOF I||UStratI0n
E 0.023 0.034 0.037 0.026 0.004 0.02 hlgh IIkeIIhOOd
TR S range shown
M4, bin
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"%, — p o p' athadron colliders — first time shown!

observed events

T 3
LHCb 3

Preliminary

Events / ( 8.75 MeV/c?)

0!
1600 1700

1800 1900
m(wpp*) (MeV/c?)

———3
LHCb

Preliminary ]

Events / ( 8.75 MeV/c?)

1600 1700 1800 1900
m(upp) (MeV/c?)

11 % of the signal

0.03 % of the background

@l 21 % of the signal
== 0.14 % of the background [

red dashed combinatorial background
% 1 fo~!

green Dy = n(p~py)uty,
blue combined background

3 . P
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W3 — u~ u u at hadron colliders — first time shown!

extracted limit

result (preliminary)

cL,

observed expected
B(t — ppp) < 6.3 x 1078
<78x10°8
k LHCb prelimir‘lary 4
08~
i

Paul Seyfert (Heidelberg University)

10
BR(T - p* p p)[x 107

LFV and LNV

% 1 fo~

82x108@90%CL  LHCo~CONE-

2012-015

99 x10°8@95%CL

Belle 2.1x1078 @ 90% CL
Phys. Lett. B 687, 139
(2010)

BaBar 3.3x10°8 @90%CL
Phys. Rev. D 81,
111101(R) (2010)

FPCP 2012  30/31 g6k


http://dx.doi.org/10.1016/j.physletb.2010.03.037
http://link.aps.org/doi/10.1103/PhysRevD.81.111101
http://link.aps.org/doi/10.1103/PhysRevD.81.111101

Summary

@ neither lepton number violation nor lepton flavour violation
observed (yet)

@ hadron decays provide good probes for Lepton Number & Flavour
Violation

@ excellent sensitivity achieved at B factories
e LNV and LFV excluded to 10~° for D decays

@ LHCb extends knowledge on forbidden B decays
e LNV excluded to 1068

@ LHCb approaching B factories for 7 — pup
= first time done at hadron colliders

aﬁﬂ'@ Paul Seyfert (Heidelberg University) LFV and LNV FPCP 2012 31 /31 %



BACKUP
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W o N
Sensitivity to long lived Majorana neutrinos

@ analysis allows for neutrino flight distance
@ probes only Majorana neutrinos decaying inside the detector
@ sensitivity to lifetime provided

a)B™ = wtupu” b)B™ = DT upu~ c)B™ = Drtp T~

250 MeV < my < 5 GeV 21GeV<my <515GeV 260 MeV < my < 3.3 GeV
) 1 ' (a) LHCb simulation g2 '(b) ' + e A '(c) ' ' <
%o.af— J + + 3
éui ke ke + ]

14
kS
T
!
I
o

I
1Y
T
!
T
!
T
o
1

3 ® L vy L
10 "

L L [ L L L L [ L
1f pos el

12 oo 1 1 10 1 12
-Log, (n*u" Lifetime (s) -Logw(Dgu‘ Lifetime (s)) -Logm(n'p‘ Lifetime (s))

ate

@ sensitive to lifetimes < 10~ 19s
@ B~ — Dt~ better sensitive to “large” lifetimes

u:ﬁf:a Paul Seyfert (Heidelberg University) LFV and LNV FPCP 2012 2/5 %



model dependence

— — =+
T U

We tested the
@ trigger efficiency
@ preselection

possible problem

if the selection efficiency is
different for various models, the
limit could be higher or lower than @ multivariate classifier
the one we quote. as a function of the invariant
dimuon mass(es).
= these are constant within 15 %

u:ﬁf:a Paul Seyfert (Heidelberg University) LFV and LNV FPCP 2012 315 %



Prospects

When will LHCb catch up with the B factories on 7= — p~pu~p™?

short answer

not studied so far

long answer
Judge yourself:
o used: 1fb~' @ 7 TeV
@ 2012: 1.5fb~' @ 8 TeV (charm cross section ~ 15 % higher)
@ 2013-1014: long shutdown 1
@ 2014-2017: running at higher energies

a:ﬁf:a Paul Seyfert (Heidelberg University) LFV and LNV FPCP 2012 4/5 %
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HFAG limits for bottom decays

Lepton Number Violating Charmless B Decays

e uE === CLEO
s HFAG —— BaBAR
e May 2012 227 ol av
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http://www.hep.ph.ic.ac.uk/%7Empatel2/HFAG/May%202012/radll/
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