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Introduction
[ eJe]e}

Rare decays

o Will talk about decays involving b— s quark transitions (also ¢ — u)

e Within the Standard Model (SM) only the charged current mediates flavour
changing transitions at tree level

i a4 Qi a4
Wi< 2 < \7M< ’g’n‘<
9 ai i i
o Flavour changing neutral currents (FCNC) are only allowed via loop
diagrams

= Contribution in SM suppressed
= Sensitive to NP particles contributing to the loop
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Introduction
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Observables in b— s loop decays

Rare decays are parametrized in terms of operators and Wilson coefficients
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o Lorentz structure via angular distributions in B — ¢*¢~ K(*)
and photon polarization in B — Xsy decays

o Decay rates e.g. in BY —pu*pu~, DO — - etc

Measure
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Introduction
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The LHCb detector

A dedicated flavour physics experiment at the LHC.

Has recorded 3fb~1 of luminosity from pp collisions at 7 and 8 TeV

Vertex Locator around the IP

Muon systems
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A Ring Imaging Cherenkov
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momentum determination Tracking stations
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Calorimeter systems

Rare decays at LHCbH

Precise vertex
reconstruction: a
dedicated silicon
detector (VELO)
around the pp
interaction point
Excellent particle
identification: Few %
1 — K rate for > 90%
K identification
efficiency

Clean muon
identifiction: 7 — K
rate of 1% for 98% u
identification efficiency

Excellent mass

resolution: typically
7-20 MeV o)
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Introduction
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@ FCNC decay searches
® B — ¢~ K*)decays
© Photon polarization in b— sy transition
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FCNC decay searches

Bs— pty~ and B — utu-
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Bs — putpu~ and B — utu-

CKM and helicity suppressed in the SM, theory prediction:

b W s b L, > BR(Bs—u'p7) = (3.65+0.23) x 107°
t w WA Wt BR(BY— ptp) = (1.06+0.09) x 10710
7720 no o

Bobeth et al. PRL 112 101801 (2014)

NP: (pseudo) scalars in models with extended Higgs sector: MSSM, 2HDM etc.

2

2 6

= enhancement in branching fraction possible [ CM35M)" mpmytan”p
S,P M2

b X 5 b4 s bt s b
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FCNC decay searches

O@0000000

B(OS) — H+H_ analysis Strategy Phys. Rev. Lett. 111 (2013) 101805

LHCb fb" Analysis strategy shared by rare decay

searches at LHCh

® Perform analysis in bins of dimuon
invarian mass and a multivariate
classifier (BDT) which rejects
combinatorial background
= BDT is calibrated on data

® Particle identification cuts to reject
specific B (or D) decays

my, [MeV/c?]

BDT ® BR normalized to a well known channel

For B?s) — utu~ decays, the BDT is calibrated on a B?S) — h*h'~ data sample and the BR is
normalized to BT — J/wK* and B® — K*n~
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[e]e] lelelelelele]
Com b | ned I_ H C b an d C M S resu |t LHCb-CONF-2013-012, CMS-PAS-BPH-13-007

Naive combination of LHCb and CMS results v/s theory prediction (Likelihood combination in
preparation)

+-) — -9 0 +.-) — +1.6 -10
BR(Bs — u"u~)=(2.9+0.7) x 10 BR(B” —»u*u )—(3.671.4)><10
BR(Bs — u* 1) =(3.65+0.23) x 1079 BR(B® — u* ™) = (1.06 £0.09) x 10710
L 1 ,
DO104fb ' CDF 10fb ™" i
CDF 10" [~ k i
ATLAS 491" \ LHCb 3" || F————
preliminary I 1 WsM
LHCb 3fb [~ G|
WsM CMS 25f —
CMS 25 [—
eMs+LHCD | '_‘I Ot —
preliminary T R T T T | T PP T AT T A P P PN T T
0 2 4 6 8 10 12 14 16 18 20 22 0 1 2 3 4 5 677 4243 44 45 46 47 48
B(BY— ) [107] B(B'— ) 107

The result rules out significant SUSY phase space and places constraints on any
new (pseudo)scalar particles re.g. arxiviis10.2556] %
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FCNC decay searches
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Rare decays of charm mesons
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FCNC decay searches
[e]e]e]e] Telelele)

D° — wu~ decay - | PLB 725(2013) 15-24

D mesons provide a unique window into up type FCNCs

/ Effective GIM cancellation. SM BR ~ 1071811
X SM dominated by long distance contribution
® 10713 <BR(DO - putu~)<6x10"11

G. Burdman et al. PRD 66 (2002)

® Could be upto 1079 in some NP models
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FCNC decay searches
[e]e]e]e] Telelele)

D° — wu~ decay - | PLB 725(2013) 15-24
D mesons provide a unique window into up type FCNCs
v Effective GIM cancellation. SM BR ~ 1071811
X SM dominated by long distance contribution

® 10713 <BR(DO - putu~)<6x10"11
G. Burdman et al. PRD 66 (2002)

® Could be upto 1079 in some NP models

LHCb analysis
® D** tagged sample of
D*+ — DO(”Jer)”Jr
® Use BDT to reject combinatorial
background

® Yield extracted from 2D fit to m(D?) and
Am(D** - DY)

Candidates / (10 MeV/c?)

&9 ety L L E|
1800 1850 1900 1950 %000 -bh
my.,- [MeV/c?]

® Normalize to D9 — 77~ 0
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FCNC decay searches
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D® — u*u~ decay - I

Limit on LD from D’ — ¥ y
T T

Belle 90% CL

[CDF 90% CL (360 pb')

[CMS 90% CL (90 pb™)

ILHCb 95% CL (1.0 ib)

aul P | Ll sl MR R
1 10 10? 10° 10* 10°
B(D° — p* ) [x 1071

LHCb limit with 1fb1:

PLB 725(2013) 15-24

Belle

[PRD 81 (2010) 091102]
CDF

[PRD 82 (2010) 091105]
CMS
[CMS-PAS-BPH-11-017]
LHCb

[PLB 725 (2013) 15-24]

BR(D® — putp~) <6.2(7.6) x 10™%at 90(95)% CL
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FCNC decay searches
000000800

+ 4+ ,—
DY -7 jY Y decay - | PLB 724(2013) 203-212
ut
Another ¢ — u transition (a) <
125 W
® Background from D(Jrs) —atn " decays iy
c c u
. _ 2 ]
® Also from p, w and ¢ resonances in the u* u D*{ B LW B }7r+
system d——d
® Search for signal performed in 250 < my+ - <252 ut u
and 1250 < m+ - <2000 MeV (b) i S/
. _ wt J W J
® Normalize to D* — ¢p(u* ™)t X o

D*{ }7r+
d——d
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FCNC decay searches
000000080

+ 4+ ,—
D" —n jY Y decay -l PLB 724(2013) 203-212
250 < my+ - <252 1250 < my+,,- <2000 ¢— putu” region
T % 0 " " " B
% 30; % 40 % ‘ﬁi‘ LHCb ’:
s = s [ 1
2 o 2 30 e 1
Ja A
5 10 5 5 \ 1
5 5 10 52 \ ]
0—="I850 1900 1950 72 """" 0-==1850 1000 1950 2000 18501000 1950 3000 -
m(rrptp) [Mevicd] m(rptp) [Mevic?] m(Ttptpt) [Mevic?

Gray shaded area shows the D(’S) —ata~at background

shows the best fit to DY -zt utu~
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FCNC decay searches
0O0000000e

D* -~ u"u* decay PLB 724(2013) 203-212
Lepton number violating decay; can be mediated by Majorana neutrinos
ut
+ e wr + . . _
D(S){a,g />\AAAV H ® Strategy and normalization same as Dt —ztputu

- ® Analysis performed in bins of m + -

W*LL\/“ }r H
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FCNC decay searches
0O0000000e

D* -~ u"u* decay

PLB 724(2013) 203-212

Lepton number violating decay; can be mediated by Majorana neutrinos

4 6 8
B(D" — 1) [10°7]

Fatima Soomro (EPFL)

® Strategy and normalization same as DV — ztpu*pu~

® Analysis performed in bins of m + -

I

Results at 90 (95) % CL

T T

R(D* —n*ptp~)<7.3(8.3)x 1078
R(DF —nutu")<4.1(4.8) x 1077
R(D* - p*pu*)<2.2(2.5)x 1078
( )

BR(DY —n ptpt)<1.2(1.4)x 1077

A factor of 50 improvement upon

previous results

Rare decays at LHCbH
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Bﬂ(+[7K(*)decays

B — ¢+ ¢~ K*)decays

(s
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B— (+[7K(*)decays
0000000

0 *0, +,,—
By— K™ u
The decay can be described by three

angles (64, Ok, ¢) and the dimuon
invariant mass (g?)

v Sensitive to O7, Og and Opg and their
right handed counter parts

X Theory uncertainty due to form factors

v Look at angular observables where some
uncertainties cancel at leading order

v The decay rate an be written as a
function of the K*O polarization
amplitudes

= construct observables to measure the

interference between them C(’) C(’) C(’) i
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B— (+[7K(*)decays
00000000

82 — K*OH+M_ Angular analysis [JHEP 08 (2013) 131]

Using a folding rechnique over the ¢ angle, the decay rate can be written as a function of only 4

variables (compared to 12)

AFB The dimuon forward backward asymmetry
F Fraction of longitudinal K*9 polarization

A%’_/53 Asymmetry sensitive to the (virtual) photon polarization
Ag A CP asymmetry

Powerful (and many) probes of NP. Example from Generalized Supersymmetric Model

0.15

GMSSMy;

GMSSM; 015

0.10
0.10
0.05 005
S5 A
0.00 0.00
-0.05
-0.05 )
-0.10 Qg
GMSSMy; J/ GNss\M
-0.10 1 2 3 r 5 3 1 5 3 & 5 g
4* (GeV?) 7 (GeV?)

Example of theory predictions (From JHEP 0901:019,2009)
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B— (+[7K(*)decays
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0 *0, +,,—
Bd — K U resu Its [JHEP 08 (2013) 131]
Theory EEEBinned Theory M Binned

. —e-LHCb . -e-LHCb
3 LHCb < | LHCb ]
z " g
x 4 o — ]
g b — _
R l- ; ]
S o5 4 t ]
] 0.5 E
1 1 1 : 1 1 1 :
0 5 10 15 20 0 5 10 15 20
q? [GeV3/ct] q? [GeV¥c4]

Theory W Binned Theory W Binned

—e-LHCb ~-LHCb
N<’— 4 T T T LLJ T T T :
LHCb o LHCb ]
0. 3
0.4 l FE 3
0.2 3
1k o 1 1 1 1
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Theory predictions from JHEP 07 (2011) and references therein. %
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B— (+[7K(*)decays
[e]e]e] lelele]e]

82 — K*0u*u~ angular analysis - || PRL 111 191801 (2013)

o Can introduce different angular foldings to access different angular terms
e Observables where form-factor uncertainties cancel at leading order

Phs="5a5/VFL(1-FL)

. B . .
e z'z I SM Predictions LHCb 7] & E‘z B LHCb SM Predictions T
0.4 4 vaa - 0.4 =+’ —4- vt .
02 = 02 -

SRS SR B s -
0.2 + - 02 —+— -

-0.4 l + 0.4k -
0.6 —+— 0.6 —+— E
0.8 0.8~ -
Al L L L L Al L I L
0 5 10 1! 5 10 1

5 20 5 20
q2[GeVcY q2[GeV¥c4

Theory predictions from JHEP, 1305:137, 2013

A local discrepancy of 3.70 observed in Pé. Probability to observe at least one bin as ”Eib
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B— (+[7K(*)decays
[e]e]e]e] Telele]

Explaining the P anomaly [in progress|

o LHCb measurement was followed by a
lot of theoretical activity

o Conclusions differ because different inputs
have been used in these analyses

e.g. using only high g2 LHCh measurements, the 2 R @\4;
%
discrepancy becomes smaller . OSSN
Re(C4"")
Decotes-Genon, Matias, Virto Global fit to b— sy and b— sl/ data
PRD 88 074002 (2013) Find a 4.50 discrepancy from SM. Fit favours ()P =-15
Altmannshofer, Straub Global analysis, discrepancy of 30, can be described by
EPJC 73 2646 (2013) modified Cg(’). Can be explained by a flavour changing Z’
JHEP 01 (2014) 069 Also favour a Z’ but at a higher mass
Beaujean, Bobeth, van Dyk Float form-factor undertainties and use high 4 bins.
Eur. Phys. J. C 74 (2014) 2897  The discrepancy becomes 20
Jaeger and Camalich Also try to address the size of form factor uncertainties%

JHEP 05 (2013) 043 in the large recoil (low g2) region
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B— (+[7K(*)decays
[e]e]e]e]e] lele]

Differential branching fractions of B — K®)u* u~

If CéVP =-1.5, we expect to see a suppression of the B — K(*)p+u‘ rate
_._mecobry Binned mE| CSR '~ Lattice --Data
Pt : . . < T i T T
3 LHCb 2 R
S Q. LHCb 3
X k3
% x 3 3
N; G b+ Tt E
: 05 E ' g I3 E
K=l
E 1 1 1
o m o 0 10 15 20
e eevich P [Gevcy
m=LCSR - Lattice -Data o eGSR Lallice (e Dala
& T T T i = K
3 s B~ Koty 8 /-l*/l
Q. LHCb 1 T ° LHCb 7
T) X
X9 2 10 - J
[=] + l
— 2 —_—
= sF K_‘ E
= o
o) ) S o | L L L
o 00 20 5 10 15 202
@ [GeVIc P[Gev2c ; ﬁﬁb
LHCb results from JHEP 08 (2013) 131 and JHEP 06 (2014) 133
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B— (+[7K(*)decays
00000080

Differential branching fractions of B — K®)u* u~

® The decays rates and Pé seem to be compatible with a negative CQNP

® LHCb has recently observed c€ contribution in the high g2 region (~ 18 MeV2/c4) which
has so far not been included in theory predictions

® Correcting the theory prediction for cc contribution could explain the Pé and the low q2

discrepancy (arXiv:1406.0566)

B |_CSR Lattice -e-Data
T T T

T . e
% B" - Ky
Q 4 LHCb 4
k) 3
X 3
@)
=] + T4+ “
Ng 1
m 0 1 1 1 .
T % 5 10 15 20
R [GeVZcY]
LHCb: JHEP 06 (2014) 133 S

Fatima Soomro (EPFL) Rare decays at LHCb August 28, 2014 23 /29



B— (+[7K(*)decays
0O000000e

Lepton universality and Z’ LHCb-PAPER-2014-024
e If the P} and the differential decay rates are indeed due to a Z’, could

proble its couplings to leptons. Lepton universality requires that:
JdB(B* — K*p*p~)/dg?
JdB(B* — K*ete™)/dq?

Rk = =1+6(1073)

e For the e*e™ mode, difficult to determine efficiency due to bremstrahlung.
= Take double ratio with respect to the J/w — p*u~ and J/y — ete”

modes
. 1 2 ——LHCb —*BaBar —Belle
LHCh measurement with 3fb E LHCh ]
1.5 -
_ 0.090 . ]
Rk =0.745" 74 (stat) £ 0.036(syst) : |

b | | SM
} .
Ry measurement in the K* mode is 05 ]
ongoing. o . . . ]

]
0 5 10 15 20 2}
g2 [GeV¥cY %
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Photon polarization in b— sy transition

Photon polarization in b — sy transition
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Photon polarization in b— sy transition
@00

Photon polarization in B* - K*n~n*y

Measure the up-down asymmetry of the  Conceptually similar to the P-parity
photon direction in the frame formed by violation experiment of Wu et. al (1956)
the two pions

Mirror plane
Original Mirror-reversed
arrangement arrangement
| Predicted direction
Preferred direction of beta emission if
of beta ray emision parity were conserved

Right From Emi Kou

Cobalt-60
nuclei

- g
DPrfast .~

Prslow X Dr fast
Observed direction

Direction of electron of beta emission in
flow through the mirror-reversed
H solenoid coils H arrangement
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Photon polarization in b— sy transition
(] lo}

: +

LHCb analysis of Bf — K*n ™y PRL 112 (2014) 161801

~ p 53501 1 I E

%3000; E > 300F é } } } ]

22500 LHCb 3 = 2s0F % } }LHCb E

22000 E Z ok } ‘ } ’

51500 E 9_2 15 } }*f# \ E

5 E =i i

g E g 100p { Lo mﬂi\ ]

. Sapd 1 i

05005000 5300 6000 6500 ] 01200 : 1400 1600 800

M(Knry) [MeV/c?] M(Knm) [MeV/c?]

1/N x dN/dcos®
1/N x dN/dcosd

v v e Observed over 13000 B* signal
[1.1,1.3] GeV/c? [1.3,1.4] GeV/c? . . —
T R T SR candidates in 3fb

1/N x dN/dcosb

1/N % dN/dcos®

R e The analysis is performed in bins of
background subtracted my

3 [1.4,1.6] GeVie? E 3 [1.6,1.9] GeVie? E %
-1 -0.5 0 0.5 -1 0.5 0 0.5

1 1
cosd cosd
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Photon polarization in b— sy transition
ooe

Results PRL 112 (2014) 161801

e Combining the absolute A,y in the four bins, the photon polarization is
observed to be different from zero at 5.20

e Theoretical input required in order to actually measure the value of the
polarization and interpret it in terms on NP

< 01f | ]

First experimental observation of ~ oosf T —f—f— &
a non-zero photon polarization in of
b — sy transition! 005 | ]
0.1 -

L L
1200 1400 1600 1800
M(Kn) [MeV/c?]
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Summary

o LHCb is well suited to study rare heavy flavour decays
= Large b and ¢ production x-sections, excellent particle identification
capability
e Most stringent limits on FCNC decays of up and down type quarks
= NP phase space is shrinking rapidly
o B— pu*u~K(*) decays show interesting anomalies (Pg).
= Theoretical interpretation is under way, so is the update of
By — K*Ou* = with full statistics
= Measurement of the 7 couplings of the Z' and analysis of Bs — ¢utu~
can shed more light

o LHCb also produced the first ever observation of a non-zero photon
polarization in b— sy decays
= Theory input required to actually measure the value of the polarization

o Other rare decay results e.g. lepton flavour violation in B and 7 decays
= Link to LHCb public results page ﬁ%
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