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INntroduction

In the SM, the weak couplings to leptons are universal

— evidence of lepton flavour non-universality ( LFJ) would
hint at new physics

| P studies at LHCb in various channels, which are
theoretically clean, e.g

b—sll process (Rk) sensitive to new (pseudo)scalar operators In
models with extended Higgs sector or models with Z

R(D") sensitive to models with enhanced couplings to tau leptons
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The LHCDb detector U

| ~ Electromagnetic JINST 3 (2008) S08005
Tracking .
calorimeter
Muon
Magnet stations
EcaL HCAL M4 M5

SPD/PS
RICH2Z M

Magnet

=

Forward spectrometer with acceptance 2 < n < 5
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Analysis strategy

PRL 113 (2014) 151601

Search for LKTinBT™ — Ktu p~ and Bt — KTete™
decays
— measurement of Rk In given range of dilepton mass

squared defined as

max

f dF(B+—>K+,u+,LL_) dq2

2
a7 o
Rr = —;
T dD(BT—=Ktete) ; o
f dg? dq

2
qmin

SM prediction: R = 1.00030:8:888(1)(7) JHEP 12 (2007) 040]

QED corrections: ARz = +3% [Eurphys.).C76 (2016) 4407
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Analysis strategy

PRL 113 (2014) 151601

Measurement of Rein | < g? < 6 GeV? as double-ratio
with normalisation channel BT — J/WK™

WithJ/\IJ — Iu_i_,u_ and J/\If —e'e

-/\/J/\If(eﬂLe_)I(jL EK+ete— ST/ U (putpu—)K+
Ry =

N1 ot p YK JE K+t AT w(ete K

Measure yields and efficiencies of normalisation and signal
channels

Most systematic uncertainties cancel out in double-ratio
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Analysis strategy

Analysis performed on
LHCb's 201 | and 2012
dataset of 3fb™! recorded

at centre-of-mass energies
of / and 8leV

Similar selection of signal and
normalisation channels

Remove contributions from
charmonium in signal channel

BT — J/\I!K+, and in
Bt - W(29)K

Stefanie Reichert, TU Dortmund

PRL 113 (2014) 15160

T T T T T T T I-I I-_ _I-_

LHCD (1) |, a7 s

g% [GeV?/c4]

o T T T L
o N Ly - e T
- 0 o LL T HLRIL TN
—_ PR oA = B - - . - 1. = =
o, i o o = L T s s
h 1'l.‘_ o =T, o R P Jao = B TR .t --J_ " -
- e B gl ¥ .. - .. - - . -
[ _;l:__ = Er L " I AL .r_:ch ==, = =
L TS Fp Bt Lk e o - o e LT - "
0 -1 ¥l T B . -
.z O - el et
- el n = P -r CRL R oW -t
Ly Ty = ™" 1 T I T L
2 e R TR ._:: - - . P R ~. LI
] B o i "] ot . .
[} [ ] g L™ B At g 19 Al Lo"2 - .. - "
. S=! f 'Ja_-'- (& L I v - S =
- HSLL 3 [ -

N i = - Lr - L - R AL T

- 4 [ ."‘- gl =TI I -‘ e e -

L= [] o o H -l '_- '__ = :'-_-_' s
. - - - m, T Lt - ] L
=, ) = - - r AL M -

! E - S PR

L . - s
0 = - Tole Ty l

AR REF. o T
5200 5400

5600

g% [GeV?/c4]

: S ALY L Bt
MR AR T .
" : e e
oL B R g M ST .
T Y Ry e L T r

Lo T T I T P . R
- g '.\.l_l-'-] L 1 -
c.d ‘.l.-':'t".'l?u‘ TR I T

et 1
5200 5400 5600

m(K'e*e”) [MeV/c?] 5

10°

10?

10

1



Selection
PRL 113 (2014) 151601
Trigger and cut-based preselection followed by MVA
— suppress combinatorial background

BT = J/U(—= T0T)KT
as signal proxy

upper sideband in m(K¢¢) of
BT — K"/ as background

training variables:
kinematic, topological, vertex

Candidates / ( 12.5 MeV/c?)
from supplementary material

quality, ... -

— retains 60-/0% of the signal %5200 5400 5600
while removing 95% of \ m(K"ww) [MeV/e?]
background

Double Crystal Ball  Exponential
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Signal yield extraction

PRL 113 (2014) 151601

Signal yields extracted from unbinned extended maximum
likelihood fit to m (K £F)

Signal shapes studied on
control sample

— -Other ——Combination

best )

)/ LHCH -
For the electron mode,
signal shape depends on

—2(InL-logL

# bremsstrahlungs photons
assoclated with the electrons

from supplementary material

electron pT & event occupancy EERW: ¢ R T

Data split In categories
depending on trigger and # bremsstrahlungs photons
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BT /y(—eTe)K"

BFr—=Ktete

Signal yield ex

Electron triggered

x10°
T T I T T T
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Results and systematic uncertainties tu

PRL |13 (2014) 15160

» Rk extracted from NB+—>K+H+M_ — 1126 + 41 and from
BT — KTe'e™ samples for different trigger categories

Triggered by Electron Kaon Other
Yield 172129 20118 62 + 13
Rk 0.727009 £0.04 [ 1.841 385 +0.04 | 0.617527 +0.04

» Dominant systematics
* Mass shape of Bt — K Tete™
- resolution
- partially reconstructed backgrounds

* Trigger efficiencies

Stefanie Reichert, TU Dortmund | |



Results and systematic uncertainties tu

PRL |13 (2014) 15160

» Rk extracted from NB+—>K+H+H_ — 1126 + 41 and from
BT — KTe'e™ samples for different trigger categories

Triggered by Electron Kaon Other
Yield 172129 20118 62 + 13
Rk 0.721009 £0.04 | 1.841 %5 £0.04 | 0.617) 5% £ 0.04

» Rk Is measured to be

Ry = 0.7457) 074 4 0.036

— .60 deviation from SM prediction
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Result compared to Belle & BaBar

PRL 13 (2014) 15160
-1 LHCb —mBaBar —a—Belle

N 2_ L L L L |
< i [LLHCb 71 LHCb:[PrL 1132014 1516017
| sk | 1 Rg =0.74579-99%0 4 0.036

= i 1 Belle: PrRL 103 (2009) 1718017

. + Ry = 1.03+0.19 + 0.06
§ 1: SM 1 BaBar: [PR D86 (2012) 032012]

R S 1 Ry = 0.747949 1 (.06
%Ei 0.5 -1 BabBar: [PR D86 (2012) 032012]

a i . +0.65 |
S R T R T T R

q* [GeV?/c4]

Tensions with SM observed in various b—sl| transitions
— hadronic uncertainties cancel in Ry
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Analysis strategy

PRL 115 (2015) 111803

Similar to Rk, measure LFJ in semileptonic B decays through

B(BY — D*Tr~u,)
B(B° — D*+tu—u,)

R(D*) =

BaBar has observed a deviation of 2./¢ from the SM
brediction of R(D™) = 0.252 =4 0.003 (pr pss 2012) 094025]

Analysis is performed on LHCb'’s 3fb-! dataset

Signal and normalisation decay chains are reconstructed with
Dt - D (= K a1)nt and 7™ — n v, decays,
resulting In the same visible final state

First measurement of R(D™) at a hadron collider!
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Selection

PRL 115 (2015) 111803

» Trigger selection chosen to preserve distinct kinematic
distributions of signal and normalisation channel

» Cut-based preselection to reduce combinatorics g,y

» Background studies from data: £ 00 /
= 008
» D** ™ - combinations of D* and § 007
random mMuons < 882
» D’ pu~ - misreconstructed D” decays |+ \

» D*Th¥ - misidentification of h< p g'iﬁé ‘NN

» Isolation requirements on D* "™ 4T s o0 o5

suppresses partially reconstructed B decays Highest BDT output
— MVA classifier to retain events with signal B decays

from supplementary material

Stefanie Reichert, TU Dortmund |5



Selection

PRL 115 (2015) 111803

Signal, normalisation and background channels separated by
explorting distinct kinematic distributions caused by the
T — W mass difference and presence of neutrinos

Most discriminating variables; computed in B rest frame

. 2
MIssINg Mass squared M ics

2
squared four-momentum transfer q

sk
muon energy &,

Estimation of B momentum

vector from PV to B decay vertex
— B momentum direction

(pB)z — (mB/mreco)(preco)z
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0.02

D*u* data B—D TV simulation
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Resolution of rest frame variables ~ | 5-20%
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Signal yield extraction

PRL 115 (2015) 111803

Maximum likelihood fit of binned three-dimensional

k7, m?2..., ¢° templates for signal, normalisation and

background contributions

Kinematic distributions for signal, normalisation and
background channels derived from simulation

it constraints from form factors of B — D*/** 0y, ¢ = L, T

-It parameters

relative contributions of signal and normalisation channels
form factor parameters

background yields
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It projections

PRL 115 (2015) 111803
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Result and systematic uncertainties

PRL 115 (2015) 111803

B° — D**u~ v, signal yield
363000 == 1600 and

Model uncertainties Absolute size (x1072)

uncorre C'ted ra'UO Simulated sample size 2.0
Misidentified p template shape 1.6

B” — D*" (7t~ /u~ )v form factors 0.6

— _ B — D*"H_.(— uvX')X shape corrections 0.5
N(BO — D*—I_T Vq-) B(B — D**T(_DT)/B(% - D*u"w,) 0.5
50 o — - — (454 L 046) % B — D**(— D*zr)uv shape corrections 0.4

N (B — D ,u 14 ,u) Corrections to simulation 0.4
Combinatorial background shape 0.3

. . . B — D**(— D**z)u~ b, form factors 0.3

Accounting for efficiencies Bl o it Eraction 01

and B (T - —> ILL_ D L V’T ) Normalization uncertainties Absolute size (x107?)

Simulated sample size 0.6
Hardware trigger efficiency 0.6
* Particle identification efficiencies 0.3
R(D*) = 0.336 + 0.027 £ 0.030 | tom fewn

Bt~ = uv,u,) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0

— ).l o deviation from SM
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Comparison with previous experiments

Courtesy of K. De Bruyn

BaBar
PRD 88 (2019) 072012 ik B .
471x10Q° BB | a
(Hadronic Tag) |

LHCb
PRL 115 %201?) 11108
3.0 1b’

(T — U Wvv)

Belle
PRD 92 (201?) 072014

772x10" BB
(Hadronic Tag)

......................................................................................................................................................

Belle
PRD 94 (201?) 072007 | .
772x10° BB 1.
(Semileptonic Tag) i

......................................................................................................................................................

arXiv:161%.OQ529 R
(r%y%é&l Pi PV) |

0.1 0.15 0.2 0.25 0.3 0.35 0.4

. Standard Model R(D¥*)
Fajfer et al, PRD 85 (2012) 094025
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R(

0.5

R(D*)

0.45

0.4

0.35

superseded by

arXiv:1612.00529 0.3

0.25

O.%.

D) versus R(

D"

BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, arXiv:1608.06391
Average

Ay* = 1.0 contours

= SM Predictions
R(D)=0.300(8) HPQCD (2015)

R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

= e B
| Summer 2016 =
| | | P(x*)=70% _
2 0.3 04 0.5 0.6
R(D)

arXiv:1612.07233 [hep-ex] and online update at

http://www.slac.stanford.edu/xorg/hfag/

— combination of measurements shows tension wrt SM prediction of 3.90

Stefanie Reichert, TU Dortmund
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| FU from cross section measurement

JHEP 10 (2016) 030

Measurement of forward W — er production cross-section

on L

Cb data recorded in 2012 at a centre-of-mass energy

of 8 eV corresponding to 2/tb

nput of W — uv production cross-section measurement
berformed on same dataset allows to extract

B(W — ev)/B(W — uv)for both lepton charges and
compute an average

— search for NP in trees
— complementary to searches for NP in loops as in Rg

Stefanie Reichert, TU Dortmund 23



Analysis strategy

JHEP 10 (2016) 030 JHEP 01 (2016) 155

W — ev W — pv

Cross-section measured Iin eight bins of pseudo-rapidity per
lepton charge — binned ML template fits to lepton pt

Selection

120 w* e LHCb data
trigger including global 2.00<1°<4.25 W —ev

100 B W — v
event cut (GEC) — A

B Rare processes
1 y(—=ee)+jets
B Fake electrons

I Heavy flavour

isolated electron (muon) with
pt > 20 GeV and within

2.00 < 5 < 425

60

Candidates / (bin width [GeV])

N
@)

[\
)

Efficiencies from e.g. O
GEC, (track) reconstruction, * = * = © ® ¥ ER I
selection, particle identification data-driven or from simulation

ONILL ]
)
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Analysis strategy

JHEP 10 (2016) 030 JHEP 01 (2016) 155
W — ev W — pv
Main backgrounds Main backgrounds
/Z —eeand £ — TT 4 — 7T with T — puX
W — 7(— eX)v Z —
prompt ¥(— ee) production W — 1(— uX)v

hadronic backgrounds
misidentified hadrons (‘fake’ leptons)
semileptonic heavy flavour decays
decay in flight
tt production

Stefanie Reichert, TU Dortmund 25



Cross-section results for W — ev

it templates mostly taken

from simulation

— data-driven method
for fake’ electrons and
heavy flavour decays

Ratio of W — 71 tO
W — er constrained

Results

Stefanie Reichert, TU Dortmund

JHEP 10 (2016) 030
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Cross-section results for W — uv

it templates mostly taken
from simulation

— data-driven method
for ‘fake’ muons and
heavy flavour decays

Dominant systematics from
fit templates,
efficiencies
Results
ow-—u-p = (8184 £1.9
oWt sty = (1093.6 4 2.1 -

Stefanie Reichert, TU Dortmund
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Results on B(W — ev)/B(W — uv)

JHEP 10 (2016) 030

Within 2.00 < n' < 3.50, the branching fraction ratios are
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Results on B(W — ev)/B(W — uv)

JHEP 10 (2016) 030

Within 2.00 < n' < 3.50, the branching fraction ratios are

- 0.003 -

- (0.004 =

- 0.019

BWT — etu,) 1094 -

BW+ — utv,) T
B(W~ — e v,)

= 1.014 -
BW— — uv,)
B(W — ev)

= 1.020 4

B(W — uv) V=0

Stefanie Reichert, TU Dortmund

- 0.022

- 0.002 -

- 0.019
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Comparison with other experiments

JHEP 10 (2016) 030

J(.: ngs. G34, 2457 (2007) T 1.01820.025
ggl Phys. C, 38, 090001 (2014) v 1.123+0.126
]ﬁssp ég)gg;lz),irlllegm (2013) T 1.007=0.019
ng;leAevS D85, 072004 (2012) T 1.006+0.024
LHCb W O+ 1.020+0.019
LHCb W* HO- 1.024+0.019
LHCb W HO- 1.014+0.022

0.7

Stefanie Reichert, TU Dortmund

08 09 1 11 12 13

B(W — ev)/B(W — uv)

29



Summary

[ HCb has seen deviations from SM predictions in LEJ studies
notin B(W — ev)/B(W — uv)
in Rk of 2.66 and

in R(D") of 2.16 = combination of R(D") and R(D) for various

experiments exceeds the SM prediction at 3.9¢

New physics?

Stefanie Reichert, TU Dortmund 30



Summary

» LHCDb has seen deviations from SM predictions in LEJ studies
*notin BIW — ev)/B(W — uv)
* In Rk of 2.60 and
*in R(D") of 2.16 —=combination of R(D") and R(D) for various

experiments exceeds the SM prediction at 3.9¢

WHEN YOU MAKE A BIG | [ SO THERE ARE PROBABLY S000. .. LHAT ARE

-
SCENTIFIC DISCOVERY, | | SEVERAL RESEARCH TEAIS YOU WORKING ON? 3
IT TAKES A WHILE TO | | OUT THERE WHO ARE SITTING , ITISNTME! | >
GET IT PUBLISHED. ON NOBEL-PRIZE-JORTHY T PROMISE
| DISCOVERIES, BUT HAVENT
RIGHT? L LJONT TELL.
ToLD THE REST OF US YET.
SHOO! GO BOTHER
) MM HAI. 3 MAKES SOMEONE ELSE.
\ B )
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Summary

» LHCDb has seen deviations from SM predictions in LEJ studies
*notin BIW — ev)/B(W — uv)
* In Rk of 2.60 and

*in R(D") of 2.16 —=combination of R(D") and R(D) for various

experiments exceeds the SM prediction at 3.9¢

WHEN YOU MAKE A BG | | 50 THERE ARE PROBABLY 5000.... LIHAT ARE 5
SUENTIFIC DISCOVERY, | | SEVERAL RESEARCH TEAIS YOU WORKING ON? T
IT TAKES A WHILE TO | | OUT THERE WHO ARE. SITTING , ITISNTME! | >
AFT IT PHRGHFD M ANNRF T -PRIZF - INRTHY 1

Hope to shed light onto the nature of these tensions soon!

VR | NR R

Stefanie Reichert, TU Dortmund
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Thank you
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Lepton identification at LHCDb

Electrons
match track to cluster in electromagnetic calorimeters
include bremsstrahlung photons

MVA classifier using information from tracking system, Cherenkov
detectors and calorimeter

Muons

penetrate calorimeters and iron filters in muon stations

MVA classifier using information from tracking system, muon
chambers, Cherenkov detectors and calorimeters

Taus

difficult to reconstruct due to final states involving (several) neutrinos

reconstructed eg. in the channel 7= — pu~ v, v,
Stefanie Reichert, TU Dortmund
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Backgrounds

PRL 113 (2014) 151601

Misreconstructed BT — J/W K and BT — U(25)K™
decays through kaon «—lepton identification

— excluded by requirements on mass, particle identification
and acceptance

Semileptonic B decays, eg. BT — D°(— K7 ){Ty,
by misidentification of one hadron as lepton
— veto based on K¢ mass under hadron mass hypothesis

Partially reconstructed B decays with reconstructed B
masses shifted to the lower sideband

— excluded in BT — K" 11~ due to choice of signal
mass window

— accounted for in fit to m(K£¢)

Stefanie Reichert, TU Dortmund 33



Results

PRL 113 (2014) 151601

» Rk Is measured to be

Ry = 0.7457) 059 £ 0.036

— .60 deviation from SM prediction
» Branching fraction of BT — KTete™ extracted from ratio

B(BT — Ktete)
B(BT — J/U(— ete )KT)

B(Bt — Ktete ) = (1.567012 T004) x 1077

Stefanie Reichert, TU Dortmund 34



10NS

It projec

PRL 115 (2015) 111803
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°ropagation of (systematic) uncertainties

JHEP 10 (2016) 030

Correlations between measurements in bins of n* and
lepton charge accounted for

Statistical uncertainties assumed to be uncorrelated

Correlations of systematic uncertainties determined by
varying sources of systematic uncertainties by one standard
deviation

For the branching fraction ratio,the W — ev and W — pv
measurements are taken to be uncorrelated

Uncertainties due to GEC efficiency and acceptance
correction assumed to be fully correlated
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Comparison of W — fv results
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Comparison of W — fv results
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