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The b — c7 75 transition

® At tree level in the Standard Model
® However, measured to a precision of O(20%) in the 7 final state

® Sensitive to NP preferentially coupling to 3rd generation fermions,
e.g. Higgs-like charged scalars or W’ bosons
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The b — s¢*¢~ transition

® Suppressed in the Standard Model

0 no FCNC at tree level
O sensitive to New Physics contributions (including LFNU)
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The b — s¢*¢~ transition

® Suppressed in the Standard Model

0 no FCNC at tree level
O sensitive to New Physics contributions (including LFNU)
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The b — s¢*¢~ transition

® Suppressed in the Standard Model
O no FCNC at tree level
O sensitive to New Physics contributions (including LFNU)
® Model-independent description
= effective field theory

. B® — K*Oyt i~ differential decay width
® Factorisation between

T Annu. Rev. Nucl. Part. Sci. 65 (2015) 113
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JINST 3 (2008) S080005

The LHCb detector

pp collisions at 7 — 13 TeV, pseudorapidity 2 <n <5

- ( : \ =
vl
vertex detector trackers

opy 15 um g /pEN0.4 — 0.6) %ddEONE)
opy ~ 80 um at 5 — 100 GeV/c
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The LHCb experiment

® Tailored for heavy flavour physics at the LHC

® |deal for studying rare b-hadron decays
0 excellent
vertex and momentum
resolution
o good PID capabilities
= Run |

0 3fb~lat7—8TeV

0 b ; ; LHCb MC
large bb production cross section eeTev

opp = (75.3 £ 14.1) ub in acceptance
= Run Il

0 1 fb~! at 13 TeV already collected
U increased o, 0, [rad] @2

2
% o™ g [rad]
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The LHCb experiment

® Tailored for heavy flavour physics at the LHC
® |deal for studying rare b-hadron decays
O excellent
vertex and momentum
resolution
o good PID capabilities
® Run |
0 3fb~'at7—8TeV
O large bb production cross section LHob e,
opp = (75.3 £ 14.1) pb in acceptance

= Run Il

0 1 fb~! at 13 TeV already collected
U increased o, 0, [rad] @2

b 4 o, rad]
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B — D*tr 1y
Rp- — =

B0 — D* 1T,
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The Rp+ measurement

® Branching fraction ratio of
BY — D**7r7 v to BO — D*" iy,

" Rp- 20.252 +0.003
O previously measured by BaBar and Belle

Experiment  Rp«

SM discrepancy

BaBar* 0.332£0.024 £0.018 2.7 ¢
Belle** 0.293+£0.038+£0.015 180
0.302+£0.030£0.011 160

* Phys. Rev. Lett. 109, 101802 (2012), Phys. Rev. D 88, 072012 (2013)
** Phys. Rev. D 92, 072014 (2015), arXiv:1607.07923, Belle-CONF-1602
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Phys. Rev. Lett. 115 (2015) 111803

LHCb analysis strategy

® D*F — D%t with D® - K=", and 77 — p~ w0,
= 3y final state

® Kinematic information on By, at B factories, but at LHCb?
O B flight direction given by PV and SV
O approximated B momentum along the beam — p,

= (m/mrec)prec,z
® Signal and normalisation channels with identical visible final-state
topologies




Phys. Rev. Lett. 115 (2015) 111803

Yields determination

= Exploit
O 7 — pu mass difference

O presence of extras vs in the signal channel

= Evaluate Ej, m2.« = (P — Pp — pi)?, and ¢ = (pls — pj)? in
the B rest frame

= Background from

O partially reconstructed decays
B — D*®y, B — D*DX
0 combinatorial

m ML fit using template distributions from control samples and MC

® Simultaneous fit to several background-enriched samples
(data-driven)
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Candidates / (0.3 GeV*/c*)

Phys. Rev. Lett. 115 (2015) 111803

Results for Rp-

® First measurement of b — 7 decays at hadron colliders

= Compatible with the SM at 2.1 ¢ — Dam

I B - D*v

B B - D*H(- bX)X

Rp- = 0.336 + 0.027(stat) = 0.030(syst) — T
Combinatorial

[ Misidentified p

935 <q* < 12.60 GeV/c* LHCb 935 <q’ < 12.60 GeV?/c* " LHCb

Candidates / (75 MeV)

6 8.0 5300
m2. (GeV/c) (MeV)
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http://www.slac.stanford.edu/xorg

Combined results for Rp and Rp-

® Excess w.r.t. SM prediction observed by several experiments
O corresponding to 4 ¢ according to latest HFAG average

— BaBar, PRL109,101802(2012) ' 2
— Belle, PRD92,072014(2015) Ax“=1.0
LHCb, PRL115,111803(2015)
—— Belle, arXiv:1603.06711
—— HFAG Average, P(x?) = 67%
= SM prediction

L=
R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

i\)llllllllllllllll

Ol bbbl
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Bt — Ktutpu~

R, —
T Bt Ktete
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The Rk measurement

® Ratio of branching fractions of
BT — Ktutu~ and BT — KTete™
0 Re X1+ 0(1072)
O sensitive to new scalar and pseudoscalar interactions or Z’ bosons
O previously measured by BaBar and Belle

Experiment ¢° (GeV?) Ry

BaBar* 0.1-16.0 1.00793% +0.07
0.1-8.12  0.7479%0 +0.06
> 10.11 1.4379% +0.12

Belle* 0.00 — 16.0 1.03+0.19£0.06

* Phys. Rev. D 86 (2012) 032012
** Phys. Rev. Lett. 103 (2009) 171801
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Phys. Rev. Lett. 113 (2014) 15

The Rk measurement at LHCb

¢ [GeV¥eA

m g% € [1,6] GeV?/c*
® Double ratio with respect to the resonant decay mode BT — J/¢pK™

fqmax
9min

Rk =

qmax

9min

r(Br—K*tpu)
dq? dq _ (NKM/J,> < NKJ/a,Z)(ee) ) ( €Kee > ( €KJ/+p(ee) )
(Bt o Kee) oo Niee N ppuny ) \ €kup ) \ €3/ (up)

LHCb (a)
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Phys. Rev. Lett. 113 (2014) 151601

The Rk measurement at LHCb

m g% € [1,6] GeV?/c*
® Double ratio with respect to the resonant decay mode BT — J/¢pK™

Rk =

Trna M 2
fmm dq _ (NKW> < Nics/p(ee) ) ( €Kee > <€KJ/1,/;(ee
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Phys. Rev. Lett. 113 (2014) 151601

Results for Ry

electron trigger, 172t21% events

4 + LHCb 7
3 + .

(d)

® Distributions affected by

o trigger

O bremsstrahlung photons
B Most precise result to date

®= Compatible with the SM
at 2.6 o

Candidates/ ( 40 MeV/c?)

5000 5200 5400 5600
m(K*e*e) [MeV/c?]

Rk = 0.74573:9% (stat) + 0.036(syst)

= Fundamental for future measurements of decays with electrons in
the final state
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Phys. Rev. Lett. 113 (2014) 151601

Results for Ry

* LHCb = Belle + Babar

2| T T T T
® Distributions affected by < T LHCbH |
O trigger 15 .
0 bremsstrahlung photons E | ]
. 1F >
® Most precise result to date A ! ]
®= Compatible with the SM 0-5;‘ ‘
at 2.6 o 3 . . . .

GO 5 10 15 20
¢% [GeV?/c4]

Rk = 0.74573:9% (stat) + 0.036(syst)

= Fundamental for future measurements of decays with electrons in
the final state
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Look at muons and electrons separately...
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BO

JHEP 02 (2016) 104

The B® — K*0u/1 decay

® Angular analysis in terms of Q= (0, Ok, ¢) and g% = mi

i
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JHEP 02 (2016) 104

LHCb analysis strategy

® Determine
P
Tt ST = 8 [3(1— i) sind Oy + i cos? O
+3(1 = F1)sin® 0k cos 20, — F; cos? Oy cos 20,
+55sin? 0 sin® 0, cos 2¢ + 54 sin 260, sin 26 cos ¢
455 sin 26 sin 6y cos ¢ + %AFB sin? 0 cos 6,
457 sin 20 sin 8y sin ¢ + Sg sin 20, sin 20, sin ¢
+5, sin? O sin® O, sin 2¢]

with F1, Ars, S = F(CV, ¢, ),
combinations of K*° decay amplitudes

® Theoretical uncertainty on hadronic form factors
= reduced by moving to optimised observables, e.g. P{ = —>

VFL(1—F)

arXiv:1305.4808
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JHEP 02 (2016) 104

LHCb analysis strategy

® Determine
-
b ST = 9 [3(1— Fu)sind Oy + Fi cos? O
+1(1 = F1)sin® 0k cos 20, — F; cos? by cos 20,
+55sin? 0, sin® 0, cos 2¢ + 54 sin 260, sin 20, cos ¢
Fi(1 — F1)PLsin 20y sin 0y cos ¢ + %AFB sin? 0 cos 6,

+57sin 20 sin 0 sin ¢ + Sg sin 20, sin 20, sin ¢

+5 sin? B sin? 6, sin 2¢]

with Fi, Ars, S = F(CV, ¢, ),
combinations of K*® decay amplitudes

® Theoretical uncertainty on hadronic form factors
— reduced by moving to optimised observables, e.g. P{ = \/%
L\Lt—rr

arXiv:1305.4808
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JHEP 02 (2016) 104

Results for B® — K* 0t~

= Analysis in 8 bins of g? € [0.1,19.0] GeV?/c*, K*® — K*r~

= Most angular observables compatible with SM predictions
® Tension observed in P

0 global fit at 3.4 o from the SM prediction
O compatible with previous LHCb and recent Belle measurements

B Explainable in terms of -f:'ﬁcfglm DlHar;/IdV_ ]

un SIS ]
O LHCb 2011 analy)éjs i
o BellearXiv:1604.04042

0 SM charm-loop effects
(cannot explain tension in Rg)
— JHEP 06 (2016) 116

o NP involving Cy
(and possibly C1g),
otherwise

e
? [GeVH A
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Theory interpretation in terms of NP

® Measurements in favour of a reduced Cq

® Possible link to LFNU
— arXiv:1605.03156, JHEP 12 (2014) 131, Phys. Rev. D 90, 054014 (2014)

= Can explain Rp« anomaly, assuming W’ and Z’
—> arXiv:1506.01705

oF 3F . T
73 B K + Koo it 161
[ Aibosuandbosée
2 2 S
S
1 1
; B
g2 T
5 0 0w 0
: 28
L3S Q
1 -1
2 -2
_3 -3 i ; ; ; -
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3

NP NP _ _ ANP
Cq Coyu = ~Ciou
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Compare to B? — K*0ete™...
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JHEP 04 (2015) 064

The B® — K*%ete™ decay

® Simplified formalism, 4 angular observables
o K*0 longitudinal polarisation fraction F;
© transverse asymmetries A% A and ARe

® Experimentally more challenging )

0 statistics J/%(18)

O resolution (

O trigger c¥ w(25)

O bremsstrahlung photons ar,

q2
2 2/ 4
B g c [0.002, 1.120] GeV /C 'T‘ e Cé') o 01(/0)

O photon po|arisation interference Long distance B
contributions from CC
above open charm

m K0 — Ktn~ Treshold
® ML fit of Q and Mgree

Am(0))
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JHEP 04 (2015) 064

The B® — K*%ete™ decay

® Simplified formalism, 4 angular observables
o K*0 longitudinal polarisation fraction F;
© transverse asymmetries A% A and ARe

® Experimentally more challenging

. 124 signal t

O statistics -  sligna’ events -
o re§olutlon % 1005 LHCb
o trigger = P | pa ]
O bremsstrahlung photons g 8 _Mojd E
" ¢? €[0.002,1.120] GeV2/c* & o= Ny e B - K%'e
- s F s - (KOXx)e'e ]
O photon polarisation 2 F Combinatorial |
B K0 Ktp— © af % =
. = — - ot RARRERY L ]

u ML flt Of Q and mKTree 0 4500 5000 5500 6000
m(K*Te'e’) [MeV/c?]
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Candidates / (30 MeV/c?)

Candidates / (0.1mtrad)

JHEP 04 (2015) 064

Results for B® — K*0ete™

ol o p kwes | TLHCH 3
Vol e LHCD 3 F, = -0.16 + 0.06 + 0.03
Combinatorial (2)
A® = _023+0.23+0.05

Am = 10.14+0.2240.05
AR =40.10+0.184+0.05

Fo ¥ 40107950
AY = 1003755
LACb ] AP 2 (—02712) x 107

E Re SM +0.04
AT = -0.15"703

5200 5400
mK'ie'e) [MeVic]

Phys. Rev. D 93, 014028 (2016)

In agreement with SM

3
Birad]
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Candidates / (0.2)

Candidates / (0.2)

JHEP 04 (2015) 064

Results for B® — K*0ete™

50

" LHCb7 3

F, =-+0.16+0.06+0.03
A? = _0.23+0.23+0.05
Am = 10.14+0.2240.05
AR =40.10+0.184+0.05

oo 24010150
AR 1003700

0.04

23 of 25

Am M gotlay 074
AR E _01579%

Phys. Rev. D 93, 014028 (2016)

In agreement with SM

cos B¢
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Candidates / (0.2)

Candidates / (0.2)

JHEP 04 (2015) 064

Results for B® — K*0ete™

50

" LHCb ]

F, =-+0.16+0.06+0.03
A? = _0.23+0.23+0.05
AT =40.14£0.22+0.05
AR =40.10+0.184+0.05

oo 24010150
AR 1003700

0.04

23 of 25

Am M gotlay 074
AR E _01579%

Phys. Rev. D 93, 014028 (2016)

...and consistent with
B® — K*9u* = anomaly, since
5 o : contribution from C;7 only

cos B¢
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Future prospects

B Rycx

O analogous to Rk in the B® — K*0¢*t¢~ decay mode

O larger g? range

" R4, Rp, update for Rp-
® S-wave scalar components B® — K*r=utu~ and B — Ktr—efe™
® Update for angular analyses I108)
of B® — K*0¢ty~
= Asymmetry measurements ¢’

in angular observables, ag?
e.g. e — j asymmetry in Pf

1

C;/)Cé/)

interference

4[m(p)]?

) aa YY)

Long distance
contributions from CC
above open charm

threshold

—q
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Conclusions

m Search for NP in the b — ¢7~ 7 transition

0 excess of 4 o w.r.t. SM prediction observed in Rp-
o might be a hint to LFU violation between p and 7

® Search for NP in the b — s/*/~ transition
O hints of tension with SM predictions observed in
Rk and B® — K*Outp—
0 possible coherent pattern in terms of Cy (and possibly C1g)
® Update with Run Il statistics

® Further measurements foreseen at LHCb, stay tuned!
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Thanks for the attention!
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Spare slides
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Motivation

® Lepton flavour conservation/universality due to SM accidental
symmetry
® Any contrary evidence would be a clear hint of NP
O neutrino oscillations
O contribution from rare decays T
measurements at LHCb o o
@ @ H

spin- 172 n 1
up charm . photon I k’;'(')%gﬁ
28 mevic: 104 mevic: 2Gevie o
VR BV 13 o
'9'9'9|®
2} down strange bottom gluon
0511 Mevie: 105.7 Mevie: 1777 Gevie: 912 Gevie:

B 4 4 o
@@ @ || .
=
electron muon tau | Zboson 8
n <z <017 Mevic <155 Mevic 0.4 Gevic Q
Z o o a w
oW B . W . W | g
by =]
electron muon tau
“ | neutrino neutrino neutrino | | W boson f‘,
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Effective Hamiltonian approach

= Combine results from several decays in order to

O classify NP contributions
O perform consistency checks

Operator O; B K%Y B K%y~ B—outu
b% " O7 ~ mp(50uubR) Fpu v v
[ O ~ (3b)y_a(B)v v
”x’ 1 0w~ Gb)y_a@), v v
S Os,p ~ (3b)s+p(Z)s,p v
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The Rp- measurement at LHCb

® Background-enriched data samples by MVA applied on tracks
(threshold on MVA output)

m Control samples for partially reconstructed decays
0 D*Tp~ 7w~ (one track above threshold)
0 D*tp~mtaT (two tracks above threshold)
0 D**tp~ KT (one track above threshold identified as K*)

m Efficiency from simulation validated against data
= Fitin

7 4 bins of g° € [-0.4,12.6] GeV?

730 bins of £} € [100,2500] MeV

0 40 bins of m2; . € [-2,10] GeV?

miss
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The

Candidates / (0.3 GeV?/ 04)

Candidates / (0.3 GeV2/c4)
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Rp+ measurement at LHCb

Phys. Rev. Lett. 115 (2015

-0.40 < q* <2.85 GeV?¥/c*

LHCb

Candidates / (75 MeV)

-0.40 < ¢? <2.85 GeV*c*

=
8
il

6 8
m2, (GeV¥c*

500 1000

1500

2000 25
E,

2.85<q*<6.10 GeV*/c*

LHCb

Candidates / (75 MeV)

2.85<q*<6.10 GeV¥c*

o]
EZ
g
1l s

T m
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Phys. Rev. Lett. 1

The Rp- measurement at LHCb

5 B0 T 55 GV % 1so00f.  610<<935GeVie! | LHCb]
S 20000F z F 1
CIN: g 1
150005 < 10000 =
= E 2 r ]
g 10000E 12 ok 1
F 3 b= — |
g 3 ElE A .
% 5000F 3§ F ]
O 2 = =
z = g
PR S T R (| 5007000 1500~"3000 7500
m2, (GeVic*) E,* (MeV)
4, 4000 935<q’<1260Geviet | LHCb ] g 4000 935<@<1260Gevc* | LHCH
= - E F E
L ] = E E
B 3000 3 & 3000 E
[5¢] 1 % F 3
€ 2000 3 £ 2000F E
P 13 F 1
Z 1000 -4 & 1000 E
.,g 13 E
S 4 2 E
R i = e e R 3
300
)

e

6,
m2

miss.

)
8 5 410 500 1000 1500 2000 2.
(GeV7ic™) Eu* (MeV
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« LHCb = Belle + Babar

%M 21 T T T T ]
i LHCb 1
1.5 ]
1F :
- 1 -
i I i
0.5 ]
L I R R EE B

00 5 10 15 20

BaBar: Phys. Rev. D 86 (2012) 032012
Belle: Phys. Rev. Lett. 103 (2009) 171801
LHCb: Phys. Rev. Lett. 113 (2014) 151601
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Candidates/ (40 MeV/c2)

Candidates/ (40 MeV/c2)

Phys. Rev. Lett. 113 (2014) 151601

The Rk measurement at LHCb

=
o

a1

LO Electron LO Hadron LO TIS
3o 18" ©
g i 8w |
5 § .

5000 5200

5400 5600 5400 5600
m(K'e'e’) [MeV/c?] m(K*e'e) [MeV/c?]

LHCb

©

Candidates/ (40 MeV/c?)
Candidates/ (40 MeV/c?)

5000 5200 5000 5200 5000 5200

5400 5600
m(K*e*e’) [MeV/c?]
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JHEP 02 (2016) 104

The B® — K*%u* 11~ decay

= Contribution due to S-wave decay B® — K*m—ptpu~
= ML fit of Q and Mz,

R [GevicA

5556 57 °
m(K* ) [GeVic?
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Arg

The B® — K*%u* 11~ decay

JHEP 02 (2016) 104

= Most angular observables compatible with SM predictions

However, tension in Pf
O data fit at 3.4 o from SM

0 compatible with the measurement based on 1 fb~!

0.5
! —+
I LHCb ]
Il SM fromABSZ
-0.5 —
0 5 10

15
7 [GeVHcA|
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® Run1anaysis
0 2011 analysis
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Candidates/ 11 MeV/c?

JHEP 02 (2016) 104

The B® — K*%u* 11~ decay

® Invariant mass distributions for control and signal channels

= Integrated over the full g> range

10°

o LHCh K e |
] =™ ]
13 :
1 gao- ]
” &0 ]
12 ! ]
i 5t ]
& 200- ]
| oo |

0 5400 5600 0 5200 - 5400 potivron A_;__
MK 7 i) [Mev/cd] P KT (eI
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JHEP 02 (2016)

The B® — K*%u* 11~ decay

= ML fit to the data

&H : T T T : Q_N : T T T
2k e 2k
E LHCb ] E LHCb ]
1:_ [ SM from DHMV—: 1:_ [ SM from DHMV—:
c of.. e —
u ——
bt + -
2F - 2F -
L L L L L L
ol F T T T 3 av T T T
2k o 2)
E LHCb ] LHCb ]
1:- [ SM from DHMV—: [ SM from DHMV—:
of + ==t ——
_1:— 3
ok 4
E L L L ] ]
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The B® — K*%u* 11~ decay

= ML fit to the data
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The B® — K*%u* 11~ decay

= \? fit to F;, Arg, and S3 — Sy obtained from the ML fit to the data
® Best fit point at ARe(Cg9) = —1.04 £0.25
® Significance of 3.4 ¢
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The B® — K*%ete™ decay

d*(r+7) _ 2
d(r~|»r)/dq2 dq?d cos 0yd cos O, ddp 167"[ (1 - FL) sin 9/( + Fi cos” O
(1— FL)sm Gk — F cos? ) cos 26,
(1- FL)A sm 20, sin? 6, cos 2¢
- FL)A’? sin Gk cos Gg

+ (4(
41
+3
+ 3
+3(1 = F1)A sin® 0y sin® 0, sin 2¢)]

A2 [Aol> = [Aol* + Aor|?

FLo = W A2 = AL+ |A||R|22
AP = % * with |ALI® = |ALl® + |ALRl
AF = 2?“%%53'@;\?) AP(q? —0) =EASG)
ar =gl Ty SE
AL AT(a* = 0) = Topsidr
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Local operators

O, = 50" PgbF,, , O = M55 PbF,,
Op = g'@50" PRT?bGY, , Oé = &®50" PTGy, 1)
Oy = Sy Pblye, Oy = Sy Prblyte
O = SwPibly!yst, o = SuPrbOM sl
Oy = 5§Pgrbll, Oy = 5PbU 2
Op = 3Prblysl, Op = 3P blyst
Op = 3o,blo"l, Ors = 30,,blo" st (3)
O, = E5y,Pbey'Pic, O, = %5y,Pciy*Pb.  (4)
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Theory interpretation in terms of NP
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Theory interpretation in terms of NP
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Theory interpretation in terms of NP

30 e 3r
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Theory interpretation in terms of NP
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Theory interpretation in terms of NP

q° (GeV?)
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Theory interpretation in terms of NP

7 (GeV?)
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