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Overview

b — qTU, 1. Leptonic or
— Hadronic r decays?

R

B b— gl

t=e,p

Some properties (e.g. T polarisation) only
accessible in hadronic decays.

7 — Hadrons v,
64.8%

2. Albeit not necessarily a rare decay of O(%) in BF, TRICKY to
separate from normalisation and backgrounds

LHCDb: Isolation criteria, displacement of r, kinematics
B-Factories: Full reconstruction of event (Tagging), matching topology, kinematics
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Hadronic Tagging

Tagging approach in a nut-shell:

» e+/e- collision produces Y(4S) - BB A 4

y
K,\ A
> Fully reconstruct one of the two B- D" ‘| [ _ >V
mesons (‘tag’) — possible to measure | Y o
momentum of signal B

> Missing four-momentum (heutrinos)
can be reconstructed with high
precision

Pmiss — (pbeam — PBtag — PpD() — pﬁ)

Nice lllustration
from C. Bozzi
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Hadronic Tagging

Tagging approach in a nut-shell:

» e+/e- collision produces Y(4S) - BB A v C
. A
> Fully reconstruct one of the two B- i (_\ A “ Z: _=>V
mesons (‘tag’) — possible to measure o '

momentum of signal B

> Missing four-momentum (neutrinos)
can be reconstructed with high
precision

Pmiss — (pbeam — PBtag — PpD() — pé)

v’ Small efficiency (~0.2-0.4%)
compensated by large integrated
luminosity

Nice lllustration
from C. Bozzi
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Hadronic Tagging

Tagging approach in a nut-shell: v’ Demand matching topology

> Missing four-momentum (neutrinos)
can be reconstructed with high
precision

Nice lllustration
from C. Bozzi
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Semi-leptonic Tagging

Tagging approach in a nut-shell:

» e+/e- collision produces Y(4S) - BB

» Fully reconstruct one of the two B-
mesons (‘tag’) — possible to assign all
particles to either signal or tagging B
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Semi-leptonic Tagging

Tagging approach in a nut-shell:

» e+/e- collision produces Y(4S) - BB

» Fully reconstruct one of the two B-
mesons (‘tag’) — possible to assign all
particles to either signal or tagging B

» Matching topology & Extra-energy
from unassigned neutrals powerful
discriminator: Eextra Or EecL

Eextra = EECL = Z Eiy

v Higher efficiency (~0.5-2%) but
additional impurities and
challenges
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Inclusive Tagging

Tagging approach in a nut-shell:

» e+/e- collision produces Y(4S) - BB

» Fully reconstruct one of the two B-
mesons (‘tag’)

» First reconstruct signal side; then
construct tag from all remaining
charged particles and calorimeter
depositions

> Veto events with leptons on tag side to
maximize hadronic modes

v Highest efficiency but also lowest Etag = >_i Ei Piag = > P,
purity ,\
sum over all

remaining particles
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Meet the Hadronic

“Measurement Matrix” or
inclusive SL
tagging tagging
Belle:
Phys.Rev.Lett.118,211801 (2017)
Leptonic J Phys. Rev. D 97, 012004 (2018)
T / (D* had tag)

Hadronic / x s
Polarisat
. ® olarisation

®

(D*, Leptonic 1)
2
q = (PB —po) Ppx Py

®

(D*, Hadronic 1)

Belle: Belle:
Phys.Rev.D 92, 072014 (2015) y D D* T — | Phys. Rev. D 93, 032007 (2016)
(D/D* had tag, g2?) (= had tag)

Phys.Rev. D94,072007 (2016)

Solarisati
(D%, SL tag, po*, o)) olarisation
BaBar: l
I
Phys.Rev.Lett. 109,101802 (2012)|  1NCW!
Phys.Rev.D 88, 072012 (2013) Prel. Belle: https://arxiv.org/pdf/

(D/D* had tag, q2) 1901.06380.pdf (D*, incl. tagging)



https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
https://arxiv.org/pdf/1901.06380.pdf
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R(D) and R(D*) with had. tagging [EERTE- s

» Use of r—evv and 7— uvv to reconstruct r-lepton

» Simultaneous analysis of R(D) vs. R(D*) using BO—=»D*-tv, B-—D*0tv,
Bo—D-tv, B-—DOtv

_—
——
——

hadronic
tagging
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R(D) and R(D*) with had. tagging [ERTErT-rs

> Next step after tag & signal reconstruction: suppress backgrounds

> Very powerful variables: [pi*|, Mmiss?

¥ 4 t B—-D™t[t—evv Jv
o
Signal »

= BN | | ]

N NN 4 |p|*|

3 N B B B—-DM™t[t—evv Jv

N B . H /\>

>
(pbeam — PBtag — PD(») —pe)2 — mmiss2 mmi552
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R(D) and R(D*) with had tagglng Phys.Rev.D 92, 072014 (2015)

(D/D* had tag, g2)

> Very powerful variables: [pi*|, Mmiss?

E = = Normalisation

S iEEE- B— D™y
Bl [ K
EEN- X
- .- . Iori*|
"= == B—- DIy
> >
Mmiss? my2~0 Mmiss?
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R(D) and R(D*) with had. tagging [ERTErT-rs

> Very powerful variables: [pi*|, Mmiss?

Q. ¢ RS
— " %
l' ss
S
£ A >
n [ | m *
n : . . ; [ ] t |p| |
A N B
N N . B = IO L
> = = >
Other Background Mmiss? m,2~ 0 Mmiss?
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R(D) and R(D*) with had. tagging [T T

> Next step after tag & signal reconstruction: suppress backgrounds

> Very powerful variables: |pi*|, Mmiss2, |EECL = unassigned neutral
energy in the calorimeter

N
e E " B— D*tv
2 o5 D +f B B— Dtv
w B— D#*lv
i B B— Dlv
20 0 other BG

Signal / Normalisation B B> Dy

15

Backgrounds 10

----..
L]
L]

0 0.2 0.4 0.6 0.8 1 1.2
Eco (GeV)
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R(D) and R(D*) with had. tagging [EERTE- s

> Next step after tag & signal reconstruction: suppress backgrounds

> Very powerful variables: |pi*|, Mmiss?, |EECL = unassigned neutral
energy in the calorimeter

Multivariate Classifier .
all events with

Mmiss2 > 0.85 GeV
) Normalisation )
8 f I Dty HEB-Dw | Gos- pF4p simultaneous
1300 1L B—D#ly | W | :
- B otrer G i unbinned ML
- t -
2501 o fit of all Channels
- + BB D*#ly
200 + D n /
1503— 4 events with
- + Mmiss2 < 0.85 GeV DO{
100F f
B *k
5o:— & + D +f
;}*% 25
- *@m o * O
02 0 02 04 06 0.8 D¢
M2 (GeVZ/ch) Ong'
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R(D) and R(D*) with had. tagging [ERTErT-rs

SM 2HDM Type II
o - B BaBar

0.6 ® Belle —4
o.5f—

- I3
0.4
osf— 2
o.2f— :

- IIIIL 1
o= TTtteeeei----T Rk s

% oK 5.3 03 005 5.6 K, 0 05 06 07 08

tanB/mH+(c2/GeV)

R(D) =0.375 £ 0.064 (stat) 0.026 (syst)
R(D*) = 0.293 £ 0.038 (stat) 0.015 (syst)

v/ Combination is 1.8¢ from SM
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R(D’) with SL tagging

» Use of r—evv and r— uvv to reconstruct z-lepton and
set of D* modes

.
m—
-

semileptonic
tagging
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R(D’) with SL tagging

» Another powerful variables: cos 0g-p+

e E E s s s s R s s S S EEE SRR R RS SRR R R RS SRR R R RS SR EEEEEEEEEEEEEEE =

2 4 2 4

1 coSOp_pry =

2|pB| - |[PD*el|c? ’
A
B—- D™y
Signal
» COS OB-p*
-1 1
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R(D*) with SL tagging

B—DM™lv

Florian Bernlochner

KEK-FF, February 2019

Arbitrary units

Phys.Rev. D94,072007 (2016)
(D*! SL tag, po-, p')

015F
0.10

0.05

B—-=D®|v ++

o1




R(D’) with SL tagging

2D ML fit
R - : . o2
Another powerful variables: cos Og-p*, Mmiss — Ong © Egp,
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R(D’) with SL tagging

2D ML fit

g - : . .2
Another powerful variables: cos Og-p*, Mmiss — Ong @ Egcr

—~ l® B Signal ;
N 10°F 2 Normalization L 60
\O o O
8 Bl B—D" v LA
o
8 102} [ ] Others S 40
o. e
P ~
& n
: 10k Tl I, ‘% 20
i)
c i
> Q
W 1.0 —-0.5 0.0 0.5 1.0 0.0 0.2
Ong
R(D*) o 1 . €norm ) Nsig
28(7'_ — E_ﬁerr) Esig Nnorm7

Events / (0.05 GeV)
N
()
(@)

O : 1 Pal
04 06 08 1.0 1.2 00 02 04 06 08 10 1.2
Ee [GeV] Ee [GeV]

R(D*) = 0.302 + 0.030 (stat) + 0.011 (syst

v 1.60 above SM
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Phys.Rev.Lett.118,211801 (2017)

R(D *) and T POlarisation Phys. Rev. D 97, 012004 (2018)
(D* had tag)
» Decay angles of r—zv and 7— pv encode 2 oTw e gx
t-polarisation, sensitive to NP! SR !
c\ theta / theta_hel
v’ Need to reconstruct helicity angle, but | — W > fau >
a-priorio r-restframe not accessible \ /
v Luckily there is a relation between N tf\ v /fo
<(rh) in Tv-frame and this angle e ————————
Nice lllustration
from V. Luth

Florian Bernlochner KEK-FF, February 2019



Phys.Rev.Lett.118,211801 (2017)

R(D*) and t Polarisation E iy ot

(D* had tag)

» Decay angles of and encode 2o et o

, sensitive to NP! SR /!
\ theta / theta_hel
———————————— W o> - tau >
\ /
\ /
\ /

\ vi1 / v2

W rest frame T rest frame

e
Nice lllustration

from V. Luth
> Slgnal extraction via EecL (unassigned energy in the calorimeter) and in
two bins of helicity angle cos®nel with binned likelihood fit
& NY NFii B
: R(D*)= "o S8 p(pry= 2 e e
Signal Bie' Niorm " a;i NI 4 NI

Backgrounds
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Phys.Rev.Lett.118,211801 (2017)

R(D*) and t Polarisation E iy ot

(D* had tag)

» Decay angles of and encode 2o et o

, sensitive to NP! SR /!
\ theta / theta_hel
------------ W o> ——---tau >
\ /
\ /
\ /

\ vi1 / V2

W rest frame T rest frame

Nice lllustration

M signal B->D*lv, | Fake D*and qg
“Ircross feed B Bﬁa%rorll}’é g‘d ¢ Data 15 4 \N>><
y -
<100 2 =
= — 1=
P
8 (ol -
- 3
S 80 0-5E
S of-
2 60 -
c -0.5— 2
) -
L|>J -
407 e
v : 1
1.5 World
20 -
o average
B 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 O

02 04 06 08 1 12 14

Eco (GeV)
Florian Bernlochner KEK-FF, February 2019

R(D*)




R(r) with hadronic tagging

» Reconstruct r—¢vv, r—rvv,7— pvv,7— aivv and
charged pion

T — TV
B(B — ntiv;) > ~ [~ Data
R(rm) = B(B — nty) o o M Signal
14 g 40 - BO N Xc
= % % fixed BG
e 30 E
1D fit in EecL determines g 2 * + E
20 =
R(z)sm = 0.641 + 0.016 15 _;
R(ﬂ) =1.05 £ 0.51 Phys. Rev. D 92, 115019 (2015) 10 + _
5 =
2.4 o significance over background-only 00 2 4
hypothesis Ec. [GeV]
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F.P” with inclusive tagging Pre. Belle: itpss/arsivora/pdi

» First: reconstruct signal side: r—7vv and
t— v plus D™ — D%t with pure D9 modes

> Inclusive Tag: £, =5 F Piag = D_i P

N oma”

sum over all
remaining particles

Florian Bernlochner KEK-FF, February 2019
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F.P” with inclusive tagging Pre. Belle: itpss/arsivora/pdi

» First: reconstruct signal side: and
plus with pure D9 modes

I . v AEtag = Epeam — Eta
> Inclusive Tag Etag = .. E; Prag = 5P E tag = Eb tag

\ / Mg =/ Efean ~ P
Check validity of tag: sum over all
AFE., € [-0.3,0.05] GeV remaining particles

IS

_\_q; 40

S |

N

=" Btag Y (4S)

- -0-

20

10 T

1 1 ‘ 1 | [\
g.2 5.22 5.24 5.26 5.28 5.3

M,,, [GeV/c’]
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F.P” with inclusive tagging Pre. Belle: itpss/arsivora/pdi

» First: reconstruct signal side: 7—/vv and
t— v plus D™ — D9t with pure D9 modes

I - . AEjag = Epeam — Eta
> Inclusive Tag Etag = .. E; Prag = 5P tag = Eb tag

Check validity of tag: /

sum over all
AFE., € [—0.3,0.05) GeV remaining particles

PRL 99, 191807

8
IIIII

IS
S |
Ny
2% Btag Y (4S)
: - -
200
10fe
S e TRN-Y —

M., [GeV/c?]
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F.P” with inclusive tagging Pre. Belle: itpss/arsivora/pdi

» First: reconstruct signal side: and
plus with pure D9 modes

> Inclusive Tag: £, =Y E pp=>ip —p

\owa

sum over all
AFE ., € [—0.3,0.05] GeV remaining particles

Check validity of tag:

Biag Y (4S)
s

-

Further clean-up:

- Zero event charge
- no leptons in Biag
- Eextra < 0.8 GeV

- g2>4 GeV
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F.P” with inclusive tagging Pre. Belle: itpss/arsivora/pdi

» Unbinned ML fit in categories of
t & D-Decay mode and bins of cos 6y (D*)

Florian Bernlochner KEK-FF, February 2019
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F.P* with inclusive tagging

Prel. Belle: h

ttps://arxiv.org/pdf/

1901.06380.pdf (D*, incl. tagging)

» Unbinned ML fit in categories of o f
. ™ o
mode and bins of cos Oy (D*) @ 150
=)
= 140/ \
DsKr D—K2rt D-—K3z I |
2, g 2 }_ 120_
< S
1001
T — TV ‘ > :
. " sor
: A0 __ Fitwith F20.6
T — €Ul -
elVr |3 l 20+ SM
Q_#Jf Lo -
Al ;-sszzsjsjsz? L 9 O—IIII llllllIllIIlll|llll|llllllllIIllIlIlIllIIlll
e T ‘1 -0.9-08-0.7 -06-05-04 - 01 0
g g g *
coso, (DY)
T = Uy BO00O |
cos Ope1(D*) > 0.5
repeirles. oipes 60000 |-
g o MG P slo[w p|]ons
eam ~ Ptag’ | — in [-1,0
- 20000 |-
» Restrict measurement to [-1,0] due to low —> cos Opel (D) < —0.5
efficiency for slow pions in [0,1] / L b

12 0.14 016 018 02 022 0 4\?26
ﬂlow

Florian Bernlochner
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F1D” with inclusive tagging Prel. Bele: tpsi/arxiv.oralpdl

§ : \
oy 1601
S 140} \ \
»nf |
= 120/ ~_ |
> Fit longitudinal polarisation S 100- '
fraction: F.P” w0
60
40— .
ey = 312FL cos?(Oha(D) + (1= FP)sin (B (D7) b7 P firmos
[y T e 005 08 07 0605040502070
FI) = 0.60 £ 0.08(stat.) + 0.035(syst.) c0s0,,,(D")

» SM Expectation

SM: FP" = 0.46 4 0.03 (Phys. Rev. D 95, 115038 (2017), A.K. Alok, et al) (1.5 o)
SM: FP™ = 0.441 + 0.006 (arXiv:1808.03565, Z-R. Huang, et al) (1.8 o)
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Phys. Rev. D 95, 115008 (2017)

* R(D)sm = 0.299 + 0.003
Summary of Belle R(D/D*) measurements o~ 0557 = 0,003

Several results using different techniques:
» t—evv and 7— uvv, hadronic tag

R(D) = 0.375 + 0.064 (stat) + 0.026 (s
R(D*) = 0.293 + 0.038 (stay) + 0.015 (s

» 7—evv and t— uvv, semi-leptonic tag

} Analysis very similar to BaBar

R(D*) = 0.302 + 0.030 (stat) + 0.011 (syst

» 7—nv and t— pv, hadronic tag

R(D*) = 0.270 + 0.035 (stat) + 0.027(syst)
PT(D*) = -0.38 + 0.51 (stat) = 0.18 (syst)

> First measurement of r polarisation

/

> T—evv, T— uvv and t—zv, inclusive tag

FL(D*) = 0.60 + 0.08 (stat) + 0.04 (syst) First measurement of D* polarisation
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Phys. Rev. D 95, 115008 (2017)

Summary of Belle measurements D = 0259 = 0008

v’ All R(D™) measurements consistent but above SM
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“I am here to help”
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T. Keck et al, arXiv:1807.08680,

Tagging in Belle ll: Meet the FEI Bttt bErise

Software for Big Science

[ Tracks j [DiSPIaced VerticeSJ [Neutral Clustersj

ke (e :

I 7’

step-by-step multivariate reconstruction
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T. Keck et al, arXiv:1807.08680,

Tagging in Belle ll: Meet the FEI Bttt bErise

Software for Big Science

Full Event Interpretation (FEI) Performance:

FEI other algorithms
B B? B+ B
Hadronic Hadronic
FEI with FR channels 053 % 033% FR 028 % 0.18 %
FEI 0.76 % 046 % SER 04 % 02%
Semileptonic Semileptonic
FEI 1.80 % 2.04% FrR 031 % 034 %

SER 0.3 % 0.6 %

> Significant improvement of performance

0.50
o 0.45-
>~
< 0.40-
>0.35
@ 0.30-
£ 0.25-
L
0.201
[}
& 0.15- Old =
=0.101+FR Belle MVA

- -
0.051—algorithm
0.00

B:: —a— FE| ]
—— FR | Determined

using
New //

Belle data
0 10 20 30 40 50 60 70 80 90 100
Purity in %
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T. Keck et al, arXiv:1807.08680,

Tagging in Belle ll: Meet the FEI Bttt bErise

Software for Big Science

0.76 % 0.46 %

1.80 % 2.04 %

Felix Metzner’s talk )
will show details of the first
FEI analysis using Belle data!

By
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FEI validation with first Belle |l data

* Validated FEI functionality in first Belle Il data

e Classifier output of 0.5/fb Phase |l data

e After applying a shape fit to normalise B-Meson
and continuum contributions properly

B Mesons
/

/

250
- eTe” > Y4S)— BB

 Continuum
¢ Data

200

150

100

50

Number of Events

—2.0 ~15 ~1.0 —0.5 0.0

Signal Probability
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FEI validation with first Belle |l data

120

* \alidated FEI functionality in first Belle || data
e Classifier output of 0.5/fb Phase Il data

100—

[or]
o

[o]
o

40

Events / ( 0.0030875 GeV )

B Mesons _ .
250 / g Z
ﬂ / [ ete™ > Y(4S) > BB 5
% 200 B Continuum
S ¢ Data beam constrained B Meson mass
Ll 150 < 160
Y > -
o 8 1403
E 100 § 120;
0 & q00F
£ 50 S
= s
Z 0 g 60
~2.0 ~1.5 ~1.0 ~0.5 0.0 s
Signal Probability o
e Found 374 + 40 charged and 176 + 23 neutral B

meson candidates from flttlng My = \/3/4 - ‘ﬁB,Q beam constrained B Meson mass
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R(D) and R(D*) in the Belle Il era

% 05 B [ [ [ ] E\ 1 T T T T I
)] - - B o 7
& [ eelelpucir : N pels Cominston ]
0.45 - ngZr ombination ] L SM prediction: PRD85 094025 (2012), PRD87 034028 (2013) _
C LHCb ] 0.5+ Scalar —
B —— World Cgmpination - — Vector } PRD87 034028 (2013) -
04 — - SM prediction: PRD92 054410 (2015), PRD85 094025 (2012) — | Tensor _
0.35F — — ]
0.3 = - i
0.25 - — . i
B 1 o contours ] : :
O 2 _I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 11 | 1 1 11 | 11 1 1 | 1 11 I_ _ | | | |
' 0.25 0. 0.35 0. 045 05 055 0.6 d.2 0.25 0.3 0.35 04
R(D) R(D")
B — Dty
(’) -
5 ab~! 50 ab~! o f
1000 —+—
Rp  (£6.0+3.9% (£2.0+£25)% e
800
Rp- (£3.0£25)% (£1.0+2.00% e
P,(D*) £0.184+0.08  =+0.06 +0.04 600;

2HDM of type II at tan B3/mp+ = 0.5 (GeV/c?)™ L.

9 10 11 12

q? (GeV?/c?)
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Belle Il will be highly competitive measuring
semi-tauonic decays

Belle data still very useful to prototype or develop new

analysis strategies

The years to come will be exciting!
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And including the competition (older numbers for Belle Ii) J. Albrecht, FB, S. Reicher

M. Kenzie, D. Straub, A. Tully
arXiv:1709.10308

~ 0.34 | | '
A L — \
EZ 0.32 = 227\ ( / Sab; O LHCb
- 50alg \ 10/fb & 22/fb
- \ \ . \\\\ Io \ | 4% & 2%
03— \ - Belle Il
- \ \j // ] S/ab & 50/ab
i - R(D): 5.6% & 3.2%
B 1 R(D*): 3.9% & 2.2%
0.28} \7/
i 96—
026 B LHCb Belle _
 SM o | Future WA | ® |SM prediction -
N —
0 0.3 0.35 04 0.45

z
"
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Impact of r-polarisation in

T~ — ¥ Uyv, decays:

- secondary lepton emitted preferentially in the

direction of the r

» Carries more momentum of the z-lepton

+ secondary lepton emitted preferentially

against the direction of the 7

» Carries less momentum of the r-lepton

Benchmark point
|

~ : >
2 02F E
S Q2
£0.15} Z
= ol £
3 : S
© 0.05¢ =
: -

0

mfniss (GeVQ)
— SM

tanB/m g+ = 0.3 GeV 1

LOp —
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