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Outline

- Motivation
-« FCNC in b and c decays
- Rare t decays
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Rare and very rare decays

« Classification

- Global summary plot of BRs/searches, e.g. HFAG
arXiv:1207.1158

- Very rare - Indrek Sepp, parallel session A, this afternoon
- Includes first observation of B> ptu~
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Details in
Sajan’s talk

Single-arm spectrometer, fully instrumented in the forward region (2<n<5)
Excellent vertex resolution from Si strip detectors around IP (VELO)
Particle identification from RICH detectors, calorimeter and muon systems
Primary physics programme is stress testing the Standard Model

- Precise measurements

- Indirect searches for physics beyond SM in decays of b, ¢ hadrons and t decays
Rare b decays a very exciting area for LHCb
AB=AS=1 transitions are FCNC processes, highly suppressed in SM

=>» highly sensitive area for new physics to manifest itself (we hope!)
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Rare decays

- Using heavy flavour measurements, two
routes to finding physics beyond the SM

« CP violation
- Clearly must exist

- Rare decays
- FCNC

- Only via loop, box diagrams as forbidden at
tree level

- Brtypically ~10 or less

- New physics participant may enter in
loops as virtual particles

- Indirect probe accesses higher energy
scale than direct searches
- Convenient detection mechanism

- Not so straightforward to identify the origin -
modelling
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b—>sé{*¢ processes

- FCNC themselves are highly attractive for experiments
- Wide variety of angular observables accessible in 4 particle final

states . d -
- Experimental signatures . :
e Clean !/Z% 2
o Low backgrounds | e
- New physics may manifest itself in B e L K
_ Rate e
- Angular distributions v i
- Asymmetries o k) o

- Predictions well-established v o
- Varying degrees of theoretical uncertainty < \Q .

- Hadronic form factors
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Rare decays: recent results

- |All published or submitted to journal/arxiv (most recent: 11" June)
- Use 1/fb of LHCb data sample (~1/3 of our total from Run I)

« b—>s/+- BO>K" uu:“flagship analysis” - use this channel to illustrate
angular analysis, amplitudes
- B9->K" uu: angular analysis and differential branching fractions
e arXiv:1304.6325 23 Apr 2013 First multidimensional angular analysis
BO>K" uu: CP asymmetry
« PRL110 (2013) 031801
B.~ éup: Angular analysis and differential branching fraction

e arXiv:1305.2168 1 May 2013 First angular analysis
- BY% > K" ee: Differential in g2 branching fraction
e JHEP 05 (2013) 159 2 May 2013 First evidence n low g2 region
- Ay,~2>Apu: Differential in g2 branching fraction
o arXiv:1306.2577 11 Jun 2013 First at LHC, baryons
- Search for D* g —muu” and D* o —m 'yt decays
e arxiv:1304.6365 25 Apr 2013 Factor ~50 improvement in limit

- Searches for LFV and baryon number violation in T decays
e arxiv:1304.4518, to appear in Phys. Lett. B 724 (2013) xx — 21 May 2013
Last week



https://cds.cern.ch/record/1484973/files/e031801.pdf�
http://arxiv.org/pdf/1305.2168.pdf�
https://cds.cern.ch/record/1545268/files/JHEP05.159.pdf�
http://arxiv.org/abs/arXiv:1306.2577�
http://arxiv.org/pdf/1304.6365.pdf�
http://arxiv.org/pdf/1304.4518.pdf�
http://www.sciencedirect.com/science/article/pii/S0370269313004450�
https://cds.cern.ch/ejournals.py?publication=Phys.+Lett.+B&volume=724&year=2013&page=xx�
https://cds.cern.ch/ejournals.py?publication=Phys.+Lett.+B&volume=724&year=2013&page=xx�
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Rare decays: recent results

Slightly less recent, but have to draw line...

Search for the decay BO.—D**rr*
e LHCB-PAPER-2012-056 - 13 Mar 2013

First observation of the decay B*—mutur
« JHEP 12 (2012) 125 — 16 Dec. 2012

Search for the rare decay KOc—utu-

o JHEP 01 (2013) 090 — 19 Sep. 2012 Limit is a factor ~30 below the
previous measurement.

Older b— s/ /-
- BY>K" pu isospin asymmetry: JHEP07(2012)133, ...



https://cds.cern.ch/record/1484974/files/jhep.12.12.125.pdf�
https://cds.cern.ch/record/1478934/files/JHEP01.090.pdf�
https://cds.cern.ch/record/1446187/files/jhep.07.133.pdf�
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* _ ]
B> K utu~ branching fraction
LHCb . [arX|v 1304. 6325]
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- BDT selectlon
- signal B’ — KV(— K* A AT (training proxy B® — K*OJ/) (Jhp — ptp~))
- background from B® mass upper sideband
- Choice of the input variables to avoid biases in g?=m?(uu), angles, mass
- Loose selection in B? candidate vertex fit, flight dist., invariant mass, impact params., p; , polar angle
- Final selection from BDT using decay time, flight direction, track/vertex quality, PID of daughters, p-

. MeasuEieB dlfferentllal BF in ]\?acl‘ a2 bin. relative to B® — K*°.J/:
) sig | SK0Jfy 0 £0 +,, -

x B(B"— K™J x B(J/) —
dq qmax - qmm NK Oj/w EK*O,U,JF,[L* ( //I’D) ( /w M ll )

- Relative efficiencies from MC (event weights, avoids assumption of K*u u- angular distribution
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s | BO2K utpu~ branching fraction

decays .
y [arXiv:1304.6325]
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B> K utu~ branching fraction

[arX|v 1304 6325]
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BO>K utu~ angular analysis
. 4 particle final state 0 and 6, definitions for the BY decay
- 3 decay angles

¢ definition for the BY decay
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BO>K utu~ angular analysis

- Branching fraction measured
differential in g% and 3 decay angles

+ Limited St_at!StICS: o+m iHeo<0 The first simultaneous fit
- Parametric in 4 angular observables to all angles
FL, Asg, S3, Ag, from CP asymmetries

and averages of decay amplitudes
« Theoretical uncertainties smaller in

angular analysis (hadronic form , 3 ,
factors) [FL COS QK -+ 1(1 — FL)(l — COS QK) —
Fr cos* 0 (2cos” 0, — 1) +
1 d*r o ]
dI'/dg® dg? d cos 6, d cos O dqg Z(l — F1)(1 - cos” Or)(2 cos” 0, — 1) +
S5(1 — cos® B ) (1 — cos® 6,) cos 20 +
4

gAFB(l — oS’ Ox)cost, +

Ag(1 = cos? B ) (1 — cos? ;) sin 26
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BO>K utu~ angular analysis
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BO>K utu~ angular analysis

[arXiv:1304.6325]
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BO>K utu~ angular analysis

Theory [l Binned
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All experiments consistent with SM
CDF: Phys. Rev. Lett. 108 081807

Babar: Phys. Rev. D. 73. 092001

Belle: Phys. Rev. Lett. 103 (2009) 171801
ATLAS: ATLAS-CONF-2013-038

CMS: CMS-PAS-BPH-11-009

o
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SM predictions
Bobeth,Hiller,van Dyk,Wacker, JHEP 01 (2012) 107
Beneke,Feldmann,Seidel,Eur.Phys.J.C41(2005) 173

Ali,Kramer,Zhu, Eur.Phys.J.C47(2006) 625
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BO>K utu~ angular analysis

[arXiv:1304.6325]
Theory M Binned Theory HEEBinned
-8~ LHCb -&—CDF 1 —-LHCb
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- Alternative fits for transverse e Ag = 3/4 (1-F) ARe

amplitudes variables
- AReand A2
- theoretically cleaner

. S, =% (1-F)) A2
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BO>K'uru- CP asymmetry
A I'B'—=K%u*pu™) = T(B* = K%u"u™) &g [PRL110 (2013) 03_1801]
CP I‘(BU_,[{'*UMJF}L_)+F(BO—>K*{}M+M—)<C O.I;LHCb #

- ~900 signal decays of y y :
. Systematics from non-cancelling —— __#__ ______

sources of asymmetry accounted 01 E
for: _0.2+ -

- Kinematics of 0af |q2 averagel
signal/normalisation modes L L ——
Detecti fFt e 0 5 10 15 20

- e eC |On O H ) M q2 [GeVZ/C4]

- Mass fit model
- Most precise to date
A -p measured in simultaneous fit

in 6 g2 bins, to 8 invariant mass Acp(B®— KPu* ™) = —0.072 = 0.040 = 0.005
distributions:
B — KOutu, B = J/yK"™
B°, B°
Two magnet polarities

- Consistent with Belle, BaBar ©
- SM: A, p uptoto 103 ®
- NP models, e.g. up to 0.15

[Alok,Datta,Dighe,Duraisamy,Ghosh,London,JHEP11(2011)122]
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[arXiv:1305.2168]

BO.2>¢utu~ branching fraction

234000: 10°
s o [T T ————
3500 g. 8F 2.0 < g2 < 4.3 GeV¥/c* LHCb
3 > .
B 3000 : T~ -
2500~ B =
2000 >
2
1500 10 ._g
1000 F% 0 g
500 P LHCb , O 5200 5300 5400 5500
ST ST DT B m(K*K ") [MeV/e?]
5100 5200 5300 5400 5500 5600 5700 5800

m(K* K ptur) [MeV/e?]
. Selection ~ B! = K*up, BDT combining kinematic, PID, topological variables
- Signal proxy BY — Jhb ¢ (Jp — ptp~)  background B2 — ¢t~ (mass sidebands)
- Extended maximum liklihood fit
o signal: double Gaussian function, parameters from proxy decays

o Background: exponential
- Measure differential BF in 6 g bin, relative to B(B? — J/i¢)
- dB(BY — optu~ 1 Ngg € / /
< 2.# ) -2 2 e _Jve B(B)— J/pd)B(Jfib — pp”)
dq Imax — min NJ/W Coutp—
- Relative efficiencies from MC (in each g2 bin)

- Most precise measurement of this BR to date
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dB(B.~ou*1)/dg? [GeV=2¢4]

BO 9¢u H branchlng fraction

e

I SM, scaled to data
0.05 R =|v\ 5

G 1 I i i I 1 i i I
5 10 15

q* [GeV?/c4
Sum over 6 bins, converted to absolute BF

x10° [arXiv:1305.2168]
R —| SM, BF=16x1077 |
L LHCb

Consistent with CDF
[PRL 107 (2011) 201802]
[CDF public 10894 (2012)]

Using LHCb B(B° — J/ib¢) = (10.50 £ 1.05) x 10~4

- Phys. Rev. D87 (2013) 072004
Measured

- B(B} = optpm) = (7075985 £0.174£0.71) x 1077

SM prediction (14.5-19.2) x 10/
- Uncertainties from form factors ~20-30%

Geng&Lliu, J.Phys.G29(2003)1103
Erkol&Turan, Eur.Phys.J.C25(2002)575
U. Yilmaz, Eur.Phys.J.C58(2008)555

Chang&Gao, Nucl.Phys.B845(2011)
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BO 9¢u H branchlng fraction

x10° [arXiv:1305.2168]
%‘ o I . SM BF 16X10 i I Theory HEEBinned
% o1k LHCb F ol M — 15 ._.._.LH.Cb, —————————————
O L 1 4 :
S Ata I § BO> Ky LHCb '
% 0.05k g +
T B _ W
nd” B 05 H
] 1 3 ! —4—
- ysimilar shape
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q* [GeV?/ct] 92 [GeVZ/c*]

Sum over 6 bins, converted to absolute BF
Using LHCDb B(BE—> J/fa,_.-f',rgb) — (10.50 + 1.05) x 1074
- Phys. Rev. D87 (2013) 072004

- Measured
- B(B} = optpm) = (7075985 £0.174£0.71) x 1077
. SM prediction (14.5-19.2) x 10/ GengélLiu, J.Phys.G29(2003)1103

o Erkol&Turan, Eur.Phys.J.C25(2002)575
- Uncertainties from form factors ~20-30% | u. Yiimaz, Eur.Phys.J.C58(2008)555

Chang&Gao, Nucl.Phys.B845(2011)
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BO.2>¢utu~ angular analysis

- Parametrise angular - Integrate over 2 angles
distributions in terms of 4 - 2d max. liklihood fits in each
observables: F , A;, S;, Aq angle and B%, mass

- Simulation used to correct - No A as not flavour tagged
for angular acceptance - Repeated in 6 g2 bins

- Dominates systematics

1 d*T 3 2
= —(1— F)(1 — cos® “F cos®H
dI'/dq? dg*|d cos 0| _1( L)(1 —cos™ k) + L cos” Ok
1 c12F 3 3 3
=1 —Fp)(1 5% () —F (1 — cos? " o
dI'/dq? dgqd cos 6, 8( L)(1 + cos -f)+4 L(1 — cos 9£)+4 6 Cos 0,

1 d’T 1 1 1
— S3cos 2P + 2—.49 sin 2@

dT/dg? dgd®] ~ 2n T on T
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BO.=> éutu~: Angular analysis

[arX|v 1305. 2168]
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B = K'e*e- branching fraction

BY J/’E.’(E+E_)I’iv*0 [JHEPO05(2013)159]

- LHCb _
| # decays Triggered 1
00 5082 & 104] by

600 signal 1
electron

- Low g?region more sensitive to
photon polarisation
- Extend reach using electrons
- Not previously observed at low g2

- Use g region 30-1000 MeV/c?

- Experimentally hard below 30 )

MeV/c? 200f

- Multiple scattering, decay plane ]
definition degraded

- Background from
Increases rapidly po _ K*0~

S
S
S

400f

Candidates / (50 MeV/c?

5500 6000
m(ete K "°) [MeV/c?)

 Account for bremmstrahlung - Partially reconstructed
upstream of magnet to avoid biases backgrounds well-modelled
- Many sources of background
identified

- Dominated by B — K*n ( = ~ete™)
- Not peaking in signal region
- Use BDT to enhance selection


https://cds.cern.ch/record/1545268/files/JHEP05.159.pdf�
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BO 9 K e+e br hInCl fraCtIQHEpo5(2013)159]

LHCb

Not triggered by
signal electron

LHCb

Triggered by
signal electron

—
o
||||||||||||

Candidates / (50 MeV/c?)
Candidates / (50 MeV/c?)
o]

o
6 6} —
4 j :
2 2 ‘

4500 5000 5500 6000 4000 o000 5500 oy 2000
m(e*eK *0) [MeV/ & From normalisation "(¢*¢ K ™) [MeV/¢’]

‘B(BO—> F*0e+e)30-1000 MeV/c? _ (3.1 109 +02 i*() 2) % 10~ 7|

« Normalised to B° — _j/.ir,-j,(e—l—e—)_[{*ﬂ - Agrees with SM |3 prediction ®

. Signal resolution, and background -|(2. 4‘3+ﬁ x 10~
type/rate depend on hardware trigger [Jager & Camalich, JHEP 05 (2013) 043]

- 2 mutually exclusive trigger selections
- Measurement limited by sample size
- 4.606 significance from background

1235 x 1077
[Y. Grossman & Pirjol, JHEP 06 (2000) 029]
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BO 9 K e+e br hInCl fraCtIQHEpo5(2013)159]

LHCb
Not triggered by
signal electron
I I‘ [ ..
Angular analysis will be possible
with eX|st|ng LHCb data set

LHCb

Triggered by
signal electron

12

—
o
|||‘||||||||

\didates / (50 MeV/c?)

Candidates / (50 MeV/c?)

4500 5000 5500 6000
m(ete”K *9) [MeV/ 2]

4500 5000 5500 6000 o
m(ete K *0) [MeV/ ] From normalisation

B(B®— K*0¢+e)30-1000Mev/c? _ (g ] +09 402 i*() 2) x 107

« Normalised to B° — J/L,f,(e—l—e—)_[{*ﬂ - Agrees with SM |3 prediction ®

. Signal resolution, and background -|(2. 4‘3+ﬁ x 10~
type/rate depend on hardware trigger [Jager & Camalich, JHEP 05 (2013) 043]

- 2 mutually exclusive trigger selections
- Measurement limited by sample size
- 4.606 significance from background

1235 x 1077
[Y. Grossman & Pirjol, JHEP 06 (2000) 029]
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A2 Aptu- branching fraction

- First measurement at LHC
- Extends the b->s FCNC study into baryonic sector

- Non-zero initial spin gives access to helicity structure not
available in mesonic state

- Theory less-well developed than in meson case
- Less experimental data

« Selection

- Final state has long lived A, so consider behaviour of decay products
within/beyond acceptance of our vertex detector

- ANN selection, kinematic and topological observables
- Distinctive kinematics allow us to not require PID except u (gains
efficiency)
- Measured relative to Ay — JWA (T — ptp)
- Signal for training from MC
- Training background from upper mass sideband of Ag mass spectrum
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o Yields [arXiv:1306.2577]
LS L L LI~ L L & AL BN AL BN LA R RN RS A AL
> 300F LHCb é § 25F LHCb 2 e
= E A TWA _ _ § SN A” q 78+t 12
- 250F Combinatorial = o M AR 3
5 . FE o — F Signal decays
2 2006 Normalisation background 5 E 9 y E
5 150F mode E 2 F :
= 100;_ E % 10;
@) 505_ 2 g 5: --------------
Ry 55 5.6 5.7 58 b v v
MAL W) TGeV/e2 54 55 5.6 5.7 5.8
(AL ) [GeVie] M(AL) [GeV/e?]
N — Ayt |
- Backgrounds - Backgrounds
- B — JW K] (K — ?T—;?T_) - BY— K%ty with n->p mis-id
- Broad shape, peaks below - Estimate rate negligible
- Account for in fit (shape from MC) . For signal mode
- For normalisation mode - Double Gaussian, parameters from

- Double Gaussian, common mean, normalisation mode data
relative fractions from MC,
otherwise free
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Candidates vs. g - [arXiv:1306.2577]

= Signal decays ~0

Ay —ALW

[ [0.00-2.00] GeV?/c? [2.00-4.30] GeV*/¢* [4.30-8.68] GeV?/c*

[R—
=
|

=
S
>
':U'
=
-]
POl ® ® ®
L
- |
[ 2]
% "'..!lIIIHIIIII-I|l|lFﬂ|E1En!n—i-i.
= I5F [10.09-12.86] GeV¥c*F [14.18-16.00] GeVZ/e* T [16.00-20.30] GeVZ/e*
% E E 3 -
~ 10}
sk
—_—
oLl NIkt 0 A N b -
54 5.6 58 54 5.6 5.8 54 5.6 5.8

M(ALTW) [GeV/e?]
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A2 Aptu- signal yields

Statistical [arXiv:1306.2577]

q? interval [ GeV?/c? significance
0.00 — 2.00 2£3 | 34%6 0.3 . Significance from fits
2.00 — 4.30 443 42+ 7 1.4
4.30 — 8.68 445 134 £+ 12 1.0
10.09 — 12.86 134+5 52 £ 8 3.4
14.18 — 16.00 14+ 4 205 4.9
16.00 — 20.30 44 + 7 2446 9.8
Integrated yield 8+12 | 310 £ 19 8.9
__'I‘—| 15 T T T T | T T T T T | | | T T T T |
L - NN N . | | |
8 1—$ NN 17 T 1 SM:Detmold, Lin, Meinel, Wingate,
= N, N\ 1 Phys.Rev.D87(2013)074502
= 1 N\ \ y (2013)
Z os| |- =0 | =
Jrli & —— N -
= -1t ]
0 1 1 1 1 1 1 1 i | 1 1 i i 1 1 1 1 1 1
% 0 5 10 15 20

q? [GeV?/ct]
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rXIV 1306 2577]

leferentlal branchlng frac:tha

= / 7 | i g o LHC

:&3 3 L LHCb % % . E 3 6]—’ch -------- Delmt;ld etal., PRD87, 074502

= [ Z Z il Noor Aliev ctal, PRDS1, 056006 _

g ) B / / ] 8 '_ Mott, Roberts, Int.J.Mod.Phys. A27, 1250016

~ B / % _________ Ea—— . N Y el Gutsche et al., PRD87, 074031 -

g - % / E : ~ L

s Z : Z —1— ? ____________________ - _

21 % """"" % 1 gl | Z ____________ é_—_

+§L of % % - ;— ___________ % _% ------ —+—

s F T / T = e e % ’_% ....................

S 0 5 10 15 20 < ot —f—% % _
ClOVIA S T /15 %0

2.4
B(A°— Au* ) = (0.96 4 0.16 (stat) & 0.13 (syst) & 0.21 (norm)) x 10~} [OEV7€’]

Consistent with 15t observation of - Consistent with SM

this mode by CDF . Clearly statistics limited

Significant signal so far observed for - but we have 2x already under study
¢ > m%w) - New theoretical activity welcome ©

Upper limits set in lowest 3 g2 bins  Full angular analysis coming...
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Rare charm searches for D* —>mu u?

B pr Tl
FCNC c>u p*u- decays ._ //
Large GIM suppressions ot w+ W=
SM B(c>u pru)~(1-3)x107° 70 f\_< - e 2l SR
More suppressed than b & DTy , , [
case as no t quarks { ¢ W ! }ﬂ ‘
in loops 1 N 1’
Can be enhanced by non-SM <
contributions
/ Z“
- Weak annihilation Dy 4 > AN \’<
‘ds W+

- LNV decay forbidden in SM as RS -
required exotic e.g. Majorana v D) 1 > \
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Rare charm searches for D gy —>m uyr

- D*,reconstructed from 3 good tracks, vertex quality, D*, flight
direction, ...

- BDT classifies candidates as signal/background using topological
and kinematic observables
- Training Signal is MC D> u*y-
- Background D* o> u*u- mass sidebands
o Independent 2010 data, 36/pb, not use elsewhere in analysis
- Dominant background is D* >

- Peaking background extracted from fit with looser PID and alternative
mass hypothesis

- Normalisation channel D* o2 ¢ (U™W) pi
- Also used as proxy for pid study, optimmise significance by fitting...
- Analysis carried out in

- 5 bins of m(u*-) bins for FCNC

- 4 bins of m(u*n’) for LNV) search — separate above/below resonance
regions
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Rare charm searches for D ﬂ
(S) [arX|v 1304.6365]

. e DT

R — 1% 10% =
S LHCb 1> LHCb ;
g 100 42 10 =
= 8- s ;m: o LT p/o 0 High-m(u'w) N
g oF 1 I Mrﬂw -
=l £} I T % E
-g Jo B = ]
< o) B ()?/\ d1 o N M Ll W ’J-H =

O ] 200 400 800 1000 \ 1200 1400 1600 1800
0 2T S\ S i e i SOTRER m(p'w) [MeV/el]

1850 1900 1950 2000
m(t utw) [MeV/c?)

,{,;‘ i T T | i g 0 :_ | _:

% 30— N LHCb - %10 OF :

= | J : = 800 .

u - B - - -

= 201 ) § = 600F =

2 ] 2 r ]

S obs i < 400F __

= - — B il

= F ] g, F ]

S [ 4 S 200 .

0_ L L 1 0_ e = o -.-- e o e e

1850 1900 1950 2000 1850 1 900 1950 2000

m(iutu) [MeV/c?] m(mrutu’) [MeV/c?]
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Candidates / (5 MeV/c?)

Limits for rare charm D*

— T T T T

lllll

|

v 10t e
> =
Y _
= 10° =
2 =
s 10% =
Q =
S oL
—

—

200l J Peaking
_ il I + background
10 ‘ 4‘!_
1850 1900 1950 2000

m(tutn) [MeV/c?]
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Lowm('w) M p/@

e

+ 5 2~
(S)_) [a&iv:Hm.b‘sﬁs]

LHCb

¢ High-m(w'w)

200 400

e

Look for new physics away from known

resonance regions

- low and high mass regions
No excess signal observed

Limits set at 90 (95) %CL (extrapolate to

total 3 using phase space model)

600 300

1000 1200 J400 1600 1800

m(p W) [MeV/e?]

40

TITTTI[I[I

30

BD' = ntp i) < 7.3(8.3) x 108
B(Df— ntputp) < 4.1(4.8) x 1077

20

Candidates / (5 MeV/c?)

10

- ~50x stronger than previous

TTT T[T T
: ——

1900 1950 2000
m(mtutu) [MeV/c?]


http://arxiv.org/abs/arXiv:1304.6365�

W& Nigel Watson (Birmingham) QFTHEP 25-Jun-2013

Limits for rare charm D —mu u*

Limits set at 90 (95) % CL (extrapolate to [arXiv.1304.6365]
total B using phase space model)
Also ~50x stronger than previous

T ouf e
> F : LHCb | S uE L L
s 12 signal : = o LHCb |
w  10F ) E < . E
< sb Peaking - > 10 e
3 6 background - > 8 3
= . ] 2 .
: [ 3 s ‘:
S 2 1 2 4 E
1950_ . +20£? V/ , . | Y I e 13 1.4 II m-I»t
m(@pw?) [MeV/e 0 1850 1900 1950 2000
R s e e e N m(rutut) [MeV/e?]
S LHCb T oL T T
z 1 E m > % LHCb ]
w 10E = i _
< g )
g P '
5] 3 e 'y —
: . | l : AR
J — : IR o jibi WJF “"jH
11191?:?'u+u+)2([)1(\)/96 Vi) 071850 1900 1950 _ 2000

m(utut) [MeV/c?]
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LFV and baryon number in T decays

- Charged Lepton Flavour Violation and Baryon Number
Violation would be clear signals of BSM physics

- t are an ideal place for these studies

- Large cross-section, inclusive ~ 80ub at LHC
- SM predictions for LFV, B <1040

- Weuse T — pu ptp”

- Current best limit (Belle) B(7— — p~p™p~) < 2.1 x 107° @ 90%CL
- BNV

_ Studied inmodes T~ — puT T and T —> pp L

- |A(B = L)l =0 inmost models (angular momentum)

- LFV follows

- These modes never previously studied
. Calibration and normalisation mode Dy — ¢n~ (¢ — ptp™)
« Discuss LFVin 7= = p = then BNVin 7= — putp™
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Selection

« Loose cut-based selection

. Blinded mass windows
~30,, around m_

- Separate signal from
background using 2
liklihoods & invariant mass

- Decay vertex displaced from
primary vertex
- 3 good quality tracks, p+>0.3GeV/c
- Pointing of 3-track momentum

- I\/|3body
o 3 body decay topology

M consistent with flight direction (low
- PID Q-values)
« Muon identification for 3 - Decay time ~heavy meson or t
candidates - Invariant mass = m_+20 MeV/c?

- m

T
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LFVint = MU decays: Mg,,q4, and Mpm

— - Simulated 77 — u y y [arXiv:1304. 4518 to appear Phys. Lett B 724 (2013) xX]

o 0.6 - I S —— ,
s — Calibrated 77 — l s U.;E_ iE
BN EEEEE Data sidebands LHCb = +-F Background- |
L Q4 Ignal- o 07 ; t —- Simulated T — putu
= i r—' like 1 = 06F like | — Calibrated T — rup 3
g o03pBackground- | | 1§ 05 region ;v Daasidebands :
< 02 like ===== __| I 1< ?);: | 7| Signal- 3
= regio E 1 =2 SE like 3
2 o1 | i lq 4 2 02F = =
S ] N ——1 g oIf 5 e
i 0 AT T 2 )] PP R B S [T R
-1 0.5 0 0.5 1 0 02 0.4 0.6 0.8 1
: : M%bodv , MPID
* Mgpoqy - BDT using 2POEY o Mp,p: Neural Net using
- Topology: vertex separation and pointing - Quantify each of 3 particles
: o compatibility with m (RICH, CALO,
8 Klnema.ttlcs. proft | MUON)
- Trained using MC for signal and - Lowest value of 3 particles
background - Calibrated using .J/v» — p™p~ data
- Fractions of heavy quark backgrounds « Lowest Mgy,o4, and M, bins
scaledto D — o(putp~ )7~  data - Do not improve expected sensitivity
- Calibrated with data - —removed

- Binning iterated to optimise
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LFVint = uuu decays: invariant mass

[arxiy:1304.4518, to appear in Phys. Lett. B 724 (2013) xx]

[ N S
h O
o
[ N

. Signal
- Shape from 2 Gaussian fit
(common mean) to
DI — o(ptp~ )~ data

Candidates / (1 MeV/c?)
S @ S
S 8 8

500

a-d'::.-‘;; i

0 B e N :
1940 1960 1980 2000 2020 - Narrower Gaussian accounts

m tu ) [MeV/c?
(@Qrp)z) [MeV/e?) for ~70% of yield

- Fit also gives yield of

normalisation mode - Widths from signal MC
scaled by data/MC for

» D= — (i =)
. Additional mass cuts to c ol

eliminate specific
backgrounds
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LFV in T = ppp decays: backgrounds

Showing highest Mypoq,, | 2X1v:1304.4518, 1o appear in Phys. Lett. B 724 (2013) xx]

liklih ' 1 2 E

pp 000 2 _JTLHCbH] 3. LHCb -

o — Data 1 2. . .
M Showing

highest M3,.4, E
lowest My bin E

Entries (normalised to 1.0 fb™)

—=
+f¢g+. .
+—
i
—
|
_LCa:dlgates /(8

= -2
T!I'I'IF'IIIIIIIIIIII
II
j=t=d

1

l{f){]{] IT:[]I[] 1800 1900 PB{]{II 1650 1700 1750 1800 1850 l 190 1950
m(u ) [MeV/e?] m(u pu) [MeVi/e?]
. Dominant background is combinatorial + Fit to data sidebands to estimate
in final selection background in signal box
_ Linear functions - Strong peaking background from

3 particles mis-identified as

- Peaking backgrounds muons (lowest Mg, bin)

- 3realmuons Dy — n(ptu—v)pu vy,
- Irreducible contribution

- Reject if any pp mass<450MeV/c2

- Fit remaining ~20% of this as linear
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Entries (normalised to 1.0 fb™)

LFV in T = ppp decays: backgrounds

Showing highest Mg,

[arXiv: 1304 4518 to appear |n ths Lett B 724 (2013) xX]

Mo liklihood bins LHCb
oF — Data
of - D> v, _f

1

I,

0
1600

1 T{][] l 8{){) l 9{)()

m(u ") [MeV/c?]

Candidates / (1.3 MeWcz

- Dominant background is combinatorial

In

final selection
Linear functions

- Peaking backgrounds
- 3realmuons D; — n(pTpv)u vy,

Irreducible contribution
- Reject if any pp mass<450MeV/c2

- Fit remaining ~20% of this as linear

—_ - 48] (%] 9% 5]
=] n (=] n = n
lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

o

0
1820

m |

LHCb

Showing
highest My, 4,
lowest Mg, bin

hl«

1900

i T3
1860 1880

14

1920 1940
m(K ) [MeV/
Fit to data S|debands to e[stlmcgte

background in signal box

Strong peaking background from
3 particles mis-identified as
muons (lowest Mg, bin)

Refit with '~z 7+ hypothesis

Justifies exclusion of lowest M
bin

1840
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LFVint - Epu decays: backgrounds

Showing most sensmve

ac T L
<l 4 bins M bins .
S
% - 3body? PID LHCb 3
= .
S —-
- .
g 7 T E
5 -
1.-5 2 —— —— —— —_
c .
3 o |
U l Tﬂ_\‘l‘-ﬂ:‘:‘:{_ “H'— | | -
ob—4b L . b L L Ml T A T
1600 1700 1800 1900

B(rm — )

m( pu) [MeV/e?]

[arxlv 1304 4518, to appear in Phys. Lett. B 724 (2013) xx]

No peaking background remains

- Treat as exponential, interpolate to
signal region (~1760-1800 MeV/c?)

Normalisation relative to
- ~48k selected
Correction factorD _>@(ﬂ o)

absolute o or lunn teyuneu),
signal/calibration

Other factors from data (LHCD,
PDG, BaBar

A B(D; — o(pt

po)m) X

REC&SEL TRIG N.

cal ca]

X X

B( Ds_ — T_IT’T) ¢REC&SEL ¢ TRIG Neal

sig sig
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Normalisation for T = pup , putu- decays

T — ,u,+,u_ T — ﬁlu,ﬂ@_ T —pu
B(D; — o(ptp~)m) (1.33 £0.12) x 107
fDs 0.78 £ 0.05
B(D: — 77 7;) 0.0561 =+ 0.0024
Eeal OB Je FECVSEL ] 49 4 0.12 1.35 4+ 0.12 1.36 4+ 0.12
Eeal 1 egy IC 0.753 & 0.037 1.68 + 0.10 2.03 +0.13
ceal  Jesig D n/a 1.43 4+ 0.07 1.42 + 0.08
Neal 48076 + 840 | | 8145+ 180 |
o (4344 0.65) x 107 | (7.4+1.2) x 10~ | (9.0 % 1.5) x 103
B(r— — = ™)
- PN fr €cal o €eal o Neg
= B(D; = o(p"p )7 ) X BD. =7 1) X (RECTSEL X ¢TRIG X N

— X Nsiga
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Limits

Mpip Mbody Expected | Observed - ——————1————]
—0.48-0.05 | 345.0 £ 6.7 | 409 U 09 Expected under
0.05-0.35 | 83.8+33| 68 0.8 B | background only LHCDb
0.43 0.6 0.35 - 0.65 | 30.2 + 2.0 35 :
0.65-0.74 | 4.3+0.8 2 g:; | hypothesis Observed under
L vackground oy
0.05 035 | 183415 15 0.4 hypothesis
0.6 — 0.65 0.35-0.65 | 8.6=x1.1 7 0.3k
0.65-0.74 | 04+0.1 0 0.2
0.74 - 1.0 0.6+ 0.2 2 0.1
—0.48-0.05 | 45.4+2.1 51 0 — - m——
0.05-0.35 | 11.7+1.2 6 _ 6 8 12 .
0.65  0.725 | 0.35 0.65 | 5.3+0.8 3 [arXiv:1304.4518,  BR(7 — u" u p)[x 107]
0.65 —0.74 0.8 +0.2 1 to appear in Phys. Lett. B 724 (2013) xx]
0.74 - 1.0 0.4+ 0.1 0 L .
T 048-005 | 4145+91 ) « NoO excess iIn S|gnal region, set
0.05-0.35| 10.6+1.2 13 90 (95)% CL
0.725-0.86 | 0.35-0.65| 7.3+ 1.0 7
0.65 0.74 | 1.0+0.2 2 — -+, — —8
Sl IO o : Bt = p ) < 8.0(9.8)x10
—0.48-0.05 | 59+0.9 7
0.05-0.35 | 0.7+0.2 1 - Phase space decay model
0.86 1.0 0.350.65 | 1.0+0.2 1 _ . o
0.65-074 | 0.5+ 0.0 0 - Compatible with tighter Belle limit
0.74 - 1.0 0.4+ 0.1 0

« 1st[imit set at hadron collider
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- Very similar to 3 umode

- Also no significant signal

Candidates / (10 MeV/c?)
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LFV/BNV In 1:+ 9 puu” decays

Differs by replacing Mg by
cuts

found

Fraction of candidates per bin
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L 1M |tS [arXiv:1304.4518, to appear
T — ﬁ“+u_ T — pu_u_ in Phys. Lett. B 724 (2013) xX]
Mapbody Expected | Observed | Expected | Observed
—0.05-0.20 | 37.9 £ 0.8 43 41.0 £0.9 41
0.20-0.40 | 12.6 £ 0.5 8 11.0£0.5 13
0.40—-0.70 | 6.76 £+ 0.37 6 7.64 + 0.39 10
0.70 —1.00 | 0.96 4+ 0.14 0 0.49 £ 0.12 0
| Expected under NG Sianifi . |
, background only . significant excess in signa
- hypothesis LLHCb region, set 90 (95)% CL

« 1st[imits set on this mode

0.6 Observed under |
0.5 background only B(r~ — pup”) < 3.3 (4.3) x 10~7

hypothesis

B(r~ = ppp) < 44 (5.7)x1077

20 . | I 40 60
BR(1™— p u* 410) [x 107
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Conclusions

- Rare decays are one of the best ways to search for phyS|cs beyond
the Standard Model

. Several of measurements presented are world’s best ©
. The SM is (so far) consistent with the data ®

- In all cases we have 2x more data already under study

. Still chance for discovery (discoveries?)
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Conclusions

- Rare decays are one of the best ways to search for phyS|cs beyond
the Standard Model _

Comments (04-Apr-2013 18:48:13)
Phone: 77600

*ENDOFRUN1 *
No beam fm a while. Access tequired
time estimate: ~2 years

AFS5:50ns_1374_1368_0_1262_144bpil2inj

SR \ore data coming soon
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Conclusions

- Rare decays are one of the best ways to search for phyS|cs beyond
the Standard Model

. Several of measurements presented are world’s best ©
. The SM is (so far) consistent with the data ®

- In all cases we have 2x more data already under study

. Still chance for discovery (discoveries?)
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Backup
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Limits for rare charm D* o>y

[arXiv:1304.6365]
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Figure 5: Observed (solid curve) and expected (dashed curve) CLg values as a function of
B(DT — 77T p~). The green (yellow) shaded area contains the £10 (£20) interval of possible
results compatible with the expected value if only background is observed. The upper limits at
the 90% (95%) CL are indicated by the dashed (solid) line.
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BO_ écbu u branching fraction
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Search for decay B, —D*+m*

- Not covered today
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First observation of the decay B+—m+u+u-

- Not covered today
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Search for the rare decay D—u*u-

- Not covered today, see Indrek

B(D° = putp™) < 6.2(7.6) x 1072 at 90% (95%) confidence level
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H pois

LHC Pagel Fill: 3575 E 0 GeV 17-04-13 10:38:27

SHUTDOWN: NO BEAM

Comments (04-Apr-2013 18:48:13)
Phone: 77600

**% END OF RUN 1 ***
No beam for a while. Access required
time estimate: ~2 years

AF5: 50ns_1374_1368_0_1262_144bpil2inj

BIS status and 5MP flags
Comments (04-Apr-2013 18:48:13) Link Status of Beam Permits

Phone:77600 Global Beam Permit
Setup Beam
Beam Presence

*** END OF RUN 1 ***

No beam for a while. Access required
time estimate: ~2 years Movwveable Devices Allowed In

Stable Beams

AF5: 50ns_1374_1368_0_1262_144bpil2inj PM Status Bl S EIRSsERRPM Status B2 ENABLED
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