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What is a “rare decay” at LHCb

 Adecay thatis forbidden by a symmetry of the Standard
Model (SM) or suppressed to such an extent that it cannot
be observed in any plausible experiment (e.g. charged
lepton flavour violation, baryon number violation)

A decay that occurs in the Standard Model only at loop

level (e.g. penguin or box diagrams) and for which the BF

and/or differential distributions of final state particles may
be sensitive to new physics




Outline

The LHCb experiment and datasets

Searches for SM-forbidden decays at LHCb “///

— Lepton flavour and baryon number violation in tau decays HOA0 N '
— Searches for heavy Majorana neutrinos in B and D meson decays
— Lepton flavour violation in B and D meson decays

Studies of SM-allowed rare decays at LHCb
— B,— p"p and B'— p*u- decays

— Search for flavour-changing neutral current in D® — ¥t Vs
— Photon polarisation in b— s transitions D { R 117
— Isospin asymmetries in B — K®)u*u- decays \\\ { )
— Angular analysis of charged and neutral BB — K u*u decays N }

— Angular observables in BO — K™ty

Conclusions and outlook



The LHCb detector and data

A dedicated flavour

BT\ physics experiment in
Pl ‘ | the forward region at
the LHC

3 fb~! of integrated
luminosity from pp
collisions at 7 and

: 8 TeV
=» Precise vertex reconstruction: < 10um vertex resolution in x and y
=» Excellent charged particle separation: 7% misID of 10% for 95% K=

efficiency
=» Clean identification of muons: misID of 1% for 98% ™ efficiency
=» Excellent mass resolution: typically 7-20 MeV
=» Flexible low-p7 trigger: typically down to ~250 MeV
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Searches for lepton flavour and baryon number violation in
T—> 3u and 7— pup at LHCb

Phys.Lett. B724, 36-45 (2013)

 Lepton flavour is conserved by construction in Standard Model
* Now known to be violated, but suppressed by terms of order (Am,?/M,,?)?
e Baryon number violation is required for baryogenesis
* Charged lepton flavour violation is expected in many New Physics (NP) extensions to
the SM, with parameter spaces allowing rates up to the current experimental limits
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LHCb searches for 31 and p

Phys.Lett. B724, 36-45 (2013)

About 70% of tau leptons produced at LHC are from D, = T v
* Inclusive o(pp — 7+ X) = 80+8 ub at 7 TeV in the LHCb acceptance
e ~3.5x 10" produced 7in 3 fb'in 2011412 LHC runs (c.f. 3 x 10° 7 produced in Belle+BaBar)

LHCb, with forward geometry, low-p; triggers, vertex locator and good mass resolution is
well suited for the 7— 3 and 7— pup channels

But high-multiplicity hadronic environments and lack of tau tagging makes analyses much
more difficult than in e*e” — 7*7 at B factories

Analysis uses two multivariate classifiers

‘Mapoqy includes vertex and track fit qualities,
vertex displacement, momentum direction
(vertex pointing), vertex isolation, p; of candidate
Boosted decision tree with adaptive boosting,
trained on MC for signal and background
Response calibrated on D's — ¢(u*p ) in data to
account for data-MC differences




LHCb searches for r— 3y and 7 — puu

Phys.Lett. B724, 36-45 (2013)

LHCb upper limits on BFs from 1fb* (2011 data)

TT = pT T
LHCb

5 8 0 12
BR(T" -y~ p* i) [x 107

T — Pt T

LHCb

40 60
BR(7™— p u* i) [ 109]

T —Pu g

LHCb

20 60
BR(r = p y~ y7) [x109]

Channel Expected (90% CL) | Observed (90% CL)
T =TT 8.3 x 10~° 8.0 x 108
T~ — putu 46 x 10~/ 3.3 x 10~
T = ppT 54 x 10~/ 4.4 x 107

baryon number with A(B-L)=0
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No previous limits existed for the 7 — puu modes, which violate both lepton and



Compilation by Heavy Flavor Averaging Group of LFV limits for tau decays
(supplemented with LHCb results)
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The analyses are currently being updated using full 3 fb-! Run 1 dataset

Search started also for 7— ou
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For 7— 31 LHCb Run 2 may overtake the Belle limit
.. but should eventually be overtaken by Belle 2

LHCb luminosity (fo™) 1 10 50

In terms of sensitivity forr—= 3y N
0 -6 |
e 1fb?!atLHCb is equivalent to 5 -
1 ab™ atan e‘e” B/charm/tau o ‘l o lowm |
factory ol 4 LHCb
B fact
-8 (Beﬁe gggasr) O A
10 I OO SO OUOTO SO A ......... @ ........................ |
A &
-9 '
10} SuperKEKB A
(BeI:Ie 2)
-10)
10 N Il aul . aad N i

I R T B T N
Luminosity (ab™)

5th Workshop on Theory, Phenomenology

George Laffert
° / and Experiments in Flavour Physics

University of Manchester



Search for Majorana neutrinos in B— 7*u u” at LHCb
Phys.Rev.Lett. 112, 131802 (2014)

=» Forbidden LNV decay probes
Majorana neutrino masses
between 250 and 5000 MeV

=» Search valid for neutrino
lifetimes between 0 and 1000 ps

= qo000 T , : - | |

2 o LHO =» Normalise to B~ — J/JY K~

§4owo— . =» Combinatorial background from

g sideband fit, peaking

g 2000 ’ backgrounds from MC

S ., S esesenied =?» Previous LHCb measurement
5100 5200 5300 5400 5500

m(J/p K) [MeV] (LHCb-PAPER-2011-038)
updated with full 3 fb—1
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Search for Majorana neutrinos in B— 7*u 1 at LHCb

Phys.Rev.Lett. 112, 131802 (2014)

N T T ‘7% 1 ¢ ¢ 1 T T 17T
: 2 100 — 1 ps ==+ 200 ps
-» No signal observed g 10 LHCb .. 10 ps S0 ps
. . . -
— Limits as a function of > 100 ps 1000 ps
i [
m,, and 7,, using CLg method 2

=¥ Signal efficiency is highest
for short lifetimes
= BF(B~ 7t p7) <

4.0 x 1072 at 95% CL for S
. . 1000 2000 3000 4000 5000
1 psS lifetime Neutrino mass [MeV]

o T T T T T T T T T T T

LHCb

=» Limits on fourth generation
couplings, |Vu4|2' as a function
of neutrino mass
Using model of A. Atre et al., JHEP 05(2009)030

A " L A " A " L A A " A 1 " A " " L A " A A
1000 2000 3000 4000 5000
Neutrino mass [MeV]
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Lepton Number Violating Charmless B Decays
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LHCb search for D*(s) = w-u*tut
Phys.Lett. B274, 203-212 (2013)

Q D(*;) — 7~ decays can occur through leptonic mixing via a
Majorana neutrino (Phys.Rev. D84, 072006(2012))

@ World’s best experimental limits from BaBar of 2 x 10~ and
1.4 x 10=° for D* — 7~ utpt and D — 7~ ptpt respectively
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LHCb search for D*s) = mutut

Phys.Lett. B274, 203-212 (2013)

® Normalisation to Dy — ¢(u*p™)m™

@ Classification of signal and background from PID cuts and a BDT
using kinematic and geometric variables, trained on 2010 data

@ Peaking background from

D', — mtxtr— decays with

(s) T uE ]
shape (grey) measured from 3 12
=
data o 12
@ Fitin bins of m(z—p*) to £ s
improve statistical significance § ‘; ‘
® Limitof 2.2 x 108 and oLl
1.2 x 10~/ for Dt and D

Wiy e l l'r ri
Lt LLGL

heik
1900 1950 _ 2000
m(T ) [MeV/e?]

decays respectively are a

factor of fifty improvement over

previous best limits
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Compilation by Heavy Flavor Averaging Group of LNV limits for D* and D*s decays
(supplemented with LHCb results)
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Direct search for lepton flavour violation in B® ;) — e= u™
Phys.Rev.Lett. 111, 141801 (2013)

* These decays are allowed in several BSM models
* Heavy singlet Dirac neutrinos (e.g. A. llakovic, Phys. Rev. D62, 036010 (2000))
* RPV and LNV SUSY models (e.g. R.A. Diaz et al., Eur. Phys. J C41, 305 (2005))

* Leptoquarks coupling leptons and quarks of different generations (Pati-Salam)
(J.C Pati and A. Salam, Phys. Rev. D10, 275 (1974))

* Analysis uses 1 fb! of 7 TeV data (2011 sample)

* Potential signal normalised to B® — K*r~ with B%s — h*h’" as control channel
 Main backgrounds from semileptonic b decays: bb— e*uT X and from particle misid
* Candidates classified by e mass and output of a geometrical BDT with 9 variables
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Direct search for lepton flavour violation in B%, — e= u*

Phys.Rev.Lett. 111, 141801 (2013)

—

2Bt et

== Expected

+o
. +20
— Observed

B(g’—)e*u*)

Limits on branching fractions

Channel Observed (90% CL) | Observed (95% CL)
BY — e*uT 1.1 x10-° 1.4 x10-°
B° — et T 2.8 x 1079 3.7 x 1079

* LHCb results give an order of magnitude improvement over previous limits (CDF)

* Limits also set on masses of Pati-Salam leptoquarks

George Lafferty
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M,q(B, — e*1.¥) > 107 TeV at 90% CL
M q(B® — e*17) > 135 TeV at 90% CL
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Lepton Number Violating Charmless B Decays
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Measurement of BF(B.° — y*1") and search for B — y* -

LHCh, Phys.Rev.Lett. 111, 101805 (2013)
CMS, Phys.Rev.Lett. 111, 101804 (2013)

Combined LHCb and CMS results:
CERN-LHCb-CONF-2013-012

BR(B, = u ' 117)=(2.9£0.7)x107

BR(B" - " i) = (3.6"5) xlO"lO‘

From D. Straqb, arXiv: 1 205.6094

2.0 [~ /
- ",‘

15 | [ MSSM-LL P

30 40

20
B(BY — ptp™) [107°]
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Candidates / (44 MeV/c?)

|6 — [ { ! T T T T T T q
145 LHCh ~ BI— TTH
C B, — Kut*v
12 Lch ?DTI>0.7 ST
10fr 3fb By, — h*h*
SH B—ptw
- BO—ptu
0 Total
4 =
2 =
oEmi e R T
5000 5500
[MeV/c?]

Current SM calculation of BF(B,— u*u’)
has 10% uncertainty

Would be useful for theory errors to be
reduced before full LHC Run2 results
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LHCb search for FCNC decay D° — 7w+ 7 't
Phys.Lett. B728, 234-243 (2014)

=» GIM suppression is more pwr
effective in charm than in + /70 -
b-decays
C > u
=» Expected BF for DO{ AN, } +
D° — nta=ptpu~ of ~107° u W d
in the SM < .
=» Could be enhanced by new physics }7r_
i
DO =» Analyse 1 fb~1 of DY
tt from D*t — Dozt
D" =» Normalise to

D° — = g(ut )
=» Fit signal yield in four
bins of 11 mass:

George Lafferty 5th Workshop on Theory, Phenomenology
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LHCb search for FCNC decay D° — 7+ -t
Phys.Lett. B728, 234-243 (2014)
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Combined limit of
BF(D® — 7t7—ptp~) <55 x 107
at 90% CL from the signal yields in
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— 50X improvement on previous
limit
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Photon polarization in b— s+ transitions

Phys.Rev.Lett. 112, 161801 (2014)

=» Photons from b — s~

transitions are predominantly
left-handed in the SM

=» NP contributions to loops may
introduce a right-handed

component .
P fast ﬁ . =» Up-down asymmetry, A,q,
B X B *‘>r5"'—»pn’51°w proportional to photon
b, K polarisation
&

=» Fit cosf distribution from BT — KT7~ 7"~ in bins of KT7#~ 7" mass
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Photon polarisation in b— s transitions

Phys.Rev.Lett. 112, 161801 (2014)

Four independent measurements of A,q:

;:350 R | T <3 S A B
. i IR N PR
| | o B | .
= 250 f{ lﬁ* I I 005F | + i -
= 200 - i ' '
2 { I}#&M | of | :
= 150 $ I - I x g I ]
:'g 100 t I I #{}#{&ﬂ% 005 | : i i | -
= - : : : I~
S so f# I I {* w}ﬂ# 0.1F | P .-
N 1 N I . I N N N N N N | N L I 1 1 i 1 I I 1 i 1 1 1 1 ! 7
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M(Knr) [MeV/c?] M(Knr) [MeV/c3

Non-zero up-down asymmetry at 5.20 based on 3 fb~! of LHCb data

— First observation of photon polarisation in b — s~

LHCb-PAPER-2014-001

However, limited knowledge of K*7~ 7T mass spectrum prevents
calculation of a value for the photon polarisation
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Isospin asymmetry in B — K)y* - decays

arXiv:1403.8044, submitted to JHEP

* Update of previous 1 fb™ result, which < [ [ney ok u'u :
found a 4.40 discrepancy in A, for Kup 05| .
from SM : 4 + :

0_ .................................................................. —
A LB = Kptp) —T(B* = KW ptp) +++ + :
"7 D(B°— KOOt po) + (Bt — KO+ ptp-) 3 E

* Latest result on A, consistent with SM B T S

¢ [GeVZcH]

* Shapes of differential branching o R Lt o Dam
fractions consistent with SM, but 2 B’ Kty
systematically below light-cone sum % LHCb g
rule and lattice predictions X

S

Y

T

S ot
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Angular analysis of charged and neutral B — Ku*u decays

arXiv:1403.8045, submitted to JHEP

0-2_""I""I""I""

= ' LHCb

1 dr 3 ) 1 . I

T deost, ZZ(l—FH)(l—COS 9[)+§FH—|—AFBCOSQZ - -|- -|-
R

=» Angular analysis to determine 0IF
the forward-backward

(=]

) ) I I S R R
asymmetry, Arg, and the flat 0 : 10 D GevTes
. B+ — Kyt q- [GeV7/c?]
parameter Fp, which together

. . . 05 LI B B B NN B B B B N B B B B I S B B B
define the differential angular S LHCH :
decay rate for BT — KTt~ 045 b
and B® — K%ut i~ decays 03 - i
=» All results consistent with SM 02
0f 1 I"I ==“'§
NeellTe [ 2|12
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¢* [GeV?/c*]
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Angular observables in B? — K™yt u-

Phys.Rev.Lett. 111, 191801 (2013)

=» Angular distribution of FCNC
decay B® — K*0put )~
described by angles 6/, 6 and ¢

=» Depends on Wilson coefficients

(short distance) and form factors
(long distance)

=» Study variables P;, P, Pg and
P, 1 free from form factor

uncertainties, using 1 fb~! of
LHCb data

¢ is the angle between decay planes
in the B° rest frame

1S Descotes-Genon, T. Hurth, J. Matias and J. Virto, JHEP, 05, 2013, 137
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Angular observables in B — K™0u* -
Phys.Rev.Lett. 111, 191801 (2013)

=» Measure each observable in six R L
. 0.8 SM Predictions 7

q%(pp) bins os|- LHCb ]

. . : L .

=» 3.70 discrepancy in P in 02 + -
. o ................ —

4.3 < g% < 8.68 GeV? bin 4,_2_‘ i

— 0.5% probability of such a ol | + ‘ ’
discrepancy in 24 independent b P
measurements ’ ° ° * o 1GeVZ/eh

- 250 discrepancy In Pé In ;L"’ o.;—' — LHCb T ;M'Pr;i;ﬁo;s' " '_
1 < g% < 6 GeV? bin °-6:+_ -

0.4 —+—Data -

=» Possible interpretation as a 2 L N
NP contribution to Wilson 02 .
coefficient Cy 2 el _+_ i
0.8}~ —+— —o— ~

1 5 1'0 ‘ 5 2.0
g2 [GeV¥/cY]

*http://arxiv.org/abs/1307.5683, http://arxiv.org/abs/1308.1501
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Angular observables in B — K™0u* -

Phys.Rev.Lett. 111, 191801 (2013)

=?» Some disagreement about the S —
handling of uncertainties T

=» New SM predictions from S. +
Jiger and J. Camalich® T

— show reduced tension with

the data

=» Update to 3 fb~! in progress

————————r——
[] smarxiv:1303.5794
[ sm arxiv:1212.2263

—$— LHCb 1fb"

0

3http://uk.arxiv.org/abs/1212.2263
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Rare Decays at LHCb: Conclusions

e Already LHCb has improved on previous limits for a number of
LFV and LNV channels and has made various studies of rare
decays that could be sensitive to new physics

* No significant deviations from the SM have been seen

e Studies of rare and forbidden decays at LHCb form a vital
strand in the search for new Physics

* It should be out there, so we will keep pushing back the
frontiers ... at LHC Run Il and on to the LHCb upgrade
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Additional material

Angular observables in B — K™t

1 d‘r

9

dT/dq? dcosbedcosOxdddq®

3 1
ey [Z(l - FL)Sil'lzeK + FLC0820K + Z(l - FL)sin20K 005208

— Frcos?0g cos20; + Sssin®fgsin®@y cos2¢ + S, sin260x sin26, cos e

+ S5 sin20k sinf, cos + Sgsin®Ox coshy + Sy sin26k sinf sing

+ Sg sin20k sin26, sing + S¢sin®@xsin’6, sin2¢],

Sj=4,578

P§=4568 P
T JF (1 =Fp)



