Belle Il first results and prospects for
LFU tests

A. Bozek, IFJ PAN Krakéw

for the Belle Il Collaboration

HC:NP

Tenerife, 23-28 September 2019

Andrzej Bozek IFJ PAN, Krakéw Belle Il first results and prospects for LFU tests, Puerto de la Cruz, Sep 23-28, 20191 / 40



B decays and LFV/LFU

e Leptonic decays B* — {*v
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Current status of LFV/LFU in B-factories
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Belle: Semileptonic decays Rp and Rp-

Exp. Tag method 7~ decays Observables Fit variables
Belle PRL 99. 191807 (2007) Hadronic Inc. € VYo TV BB" = D™ 17,) M™
Belle PRD 82, 072005 (2010) Hadronic Inc. Cveve e BB — D) ME:"‘P and p o
Belle PRD 92, 072014 (2015) Hadronic T vevy Rp. Rp-+. qz, 1Pyl Mzmm and Onp T
Belle PRL 118, 211801 (2017) Hadronic hv, Rp«, Po(D*) Egcr and cos e
Belle PRD 94, 072007 (2016) Semileptonic vy Rp+. |pl |p7)s\ EgcL and Ot
Belle preliminary conf-1902 Semileptonic FEI v Rp,Rp+ Egcp and Ogpr

® experimental method depends on what we measure
® tagging,
® signal reconstruction (r decay channels )

G? = M2, - effective mass squared of the v system

B(B—Drv)
[ ] _ A= = 7/
Rp = B—Div)

B(
« _ B(B—D*Tv)
* Rp = BEs0e)
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Rp and Rp- current status
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e New perliminary semileptonic tag based measurement of Rp. R},
is consistent with the old result, more precise.

e Recent measurements from Belle and LHCb reduce tensions
with SM

e Combined Belle result is consistent with SM at 20 level
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Rp and Rp- current status
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o New perliminary semileptonic tag based measurement of Rp, R},
is consistent with the old result, more precise.

e Recent measurements from Belle and LHCb reduce tensions
with SM

e Combined Belle result is consistent with SM at 20~ level

The dynamics of these decays can be probed with differential distributions g2, = and
D* polarizations ...
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Recent Rk and Rk-

R, — B(B=Kupu) Ry, — B(B=K*pu)
K = B(B=K) K B(B—K*0f)
o220 —~22c
X F —— Belle 2019 Belle 2019 ¥ F —— Belle 2019 Belle 2019
o E Z2LHGb 2019 Preliminary o E ZCUHCh 2017 Preliminary
1.8 =+ BaBar 2012 1.8 == BaBar 2012 -
160 SN 1.6 = SMJHEP 01,003 (2018
1.4; 1.4;
1.2F - T 1.20
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® Recent preliminary results for both Rk and Ry from Belle (arXiv:1904.02440)
* Belle measured Ri" and Ry for first time,

® Allow measurement of CP averaged isospin asymmetry
(B4 /750) x B(B* K 20)—B(B" —K T 04)
| = (rg: /m50) x B(BO—KO¢e)+ B(BF —K+ £0)

® New measurements are closer to the SM (and consistent with LHCb)
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Belle Il first results
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The Belle Il experiment

® The Belle Il experiment is an upgrade of
Belle detector

*
® Electron-positron collisions D( )

® Ecm = Mys)
* T(4s) — BB, quantum-entangled Btag

® Particulary well adapted to study B
decays with missing energy; especially
with multiple v in final state

4
® Target plan 55 billion B meson pairs h g
decays recorded )

® Sensitivity in B, charm and 7 to
0O(109) — O(10~ ) branching fractions
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SuperKEKB/BElle || Luminosity profile

Belle/KEKB recorded ~ 1000 fb—1

Peak Luminosity [x10%* cm™?s™]
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Belle integrated luminosity

® Beam currents only a factor of two higher then KEKB (=~ PEPII)
® “nano-beams” are the key; vertical beam size is 50nm at the IP
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Spring 2019, First Physics Run with full Detector

Belle Il online luminosity Exp: 7-8 - All runs

Integrated luminosity [fo~1]
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Spring 2019, First Physics Run with full Detector

Belle Il online luminosity

Exp: 7-8 - All runs

Integrated luminosity [fo~1]
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Total integrated luminosity [b~1]

only 2 months of
collisions
L(peak)~

5.5 x 10%3/cm? /s

L(SuperKEKB)=~
1.2 x 103 /cm? /s
Luminosity
comparable to
PEP-II records

background to large
to turn Belle Il
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B meson counting

P,
H, = Z | E|1|MJ| Pi(cosb;;)

V‘
‘ "“ * P : Momentum of charged tracks or Energy neutral clusters
Qg r 9"] : Opening angle between ith and jth particle
B \ [ B
x10°
ool Belle I 2018 Preliminary

p(B) ~ 0.3GeV/c

ete~ — T(45) - BB * Y(4S) data

.oﬁ- resonance

det =262

Events/(0.02)

OO 01 02 03 04 05 06 0.7 08 09
I:‘2

ete” 5 q@ (q€{u,d,sc})
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Rediscovery of B — DMz* p* B ~ few 0.1%
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Rediscovery of B — D (*v, B~ 11%

Particle Selection

Tracks IPinz <2cm

Tracks IP in r-¢ plane < 0.5 cm

l 1.2 < p; <24 GeV/c

e Electron likelihood > 0.85

I Muon likelihood > 0.9

slow pr <05 GeV/c

D° 1.85 < Mp < 1.88 GeV/c’

D* 0.144 < Mp+ — Mp < 0.148 GeV/c?
D* po= < 2.5 GeV/c

2
mr?nss (( Eheaqu 0,0) — PD*{;> ~ P3 =0GeV?

2EpEpsp — mB - mD*f .
21751 Ppeel
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Rediscovery of B°
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Hadronic Tagging with the Full Event Interpretation

Efficiency e

Inclusive Tag
€= O(100)% —@
Consistency of By,

Semileptonic Tag

c— O()% —é

Knowledge of By,

Hadronic Tag

e=0(0.1)% —B//\<<
Exact knowledge of B
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Hadronic Tagging with the Full Event Interpretation

step-by-step multivariate reconstruction
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Hadronic Tagging with the Full Event Interpretation

S Tracks Displaced Vertices | | Neutral Clusters

Tg Thomas Keck et al, arXiv:1807.08680

ﬁ Published in Computing and Software for Big Science

2

]

$ FEI old algorithms
@

3 B* B° B* B
g

2 Hadronic Hadronic

E FEI with FR channels 0.53 % 0.33 % FR 028% 0.18 %
z FEI 076 % 0.46 % SER 04 % 02 %
2

;; Semileptonic Semileptonic

& FEL 180 % 204% FR 031% 034%
%

SER 03 % 0.6 %

v

Significant improvement of performance

0.50

0.45
£ 0.40
3035
3030
£ 0.25
‘5 0.20
o015
20.10
= o.05

0.00

B:l: —a— FE|

—— R

New

10 20 30 40 50 60 70 80 90 100
Purity in %

Andrzej Bozek IFJ PAN, Krakéw Belle Il first results and prospects for LFU tests, Puerto de la Cruz, Sep 23-28, 20197 / 40



Full Event Interpreter (FEI) at Belle Il

|Loose Selectionl

|Tight Selectionl
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Belle Il prospects for LFU tests
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D* and 7 polarizations in B — D*rv;

Observables that can give a better insight into the dynamics of b — crv transitions:
g, longitudinal and transverse polarizations of ~ and D*.

So far experiments measured g2 distributions (and lepton spectra)

Belle measured longitudinal polarizations:

) = rt(pH-r-(p"
T+ (pH+r- (DY)
_ r'(pp)
r(p;)+T (D)

* P(D*

I't (D*): decay rate with 7 helicity 1, = i%

F(DE(T)): decay rate of longitudinally
(transversely) polarized D*

New physics scenarios phys. Rev. b 87, 034028 (2013)]

02 06
T
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15 en 0.1

xop, /i1 o
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B — D*rv, distribution : 7 polarisation
Pioneered by Belle Phys. Rev. Lett. 118, 211801 (2017); Phys. Rev. D 97, 012004
(2018)

Measured from the two body semileptonic = (— wv, — pv ) decays -experimentally
challenging
W signal B>0'm, [l Fake 0" and g7

rcross feed [l B0rr%, 54 -4 Data
100

Events / (0.05 GeV)
2 o @
3 3 3

N
3

00 02 04 06 08 1 12 14
Ecc, (GeV)

P(D*)

P-(D*) = —0.38 + 0.51(stat)  J 1 *(syst)

Belle Il perspectives :

5ab~T 50 ab~T
P-(D*) +0.18+0.08 +0.06 +0.04

Lo T ]
da 025 03 035 04
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.211801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.012004

B — D1

1 dr

T dcos Opa(DF) —

v, distribution : D* polarisation

3[2FP" cos?(6net(D*)) + (1 = FP7) sin?(6he1 (D*))]
All 7 decays are usable.

Preliminary Belle result arXiv:1903.03102

EVENTS/(0.333)
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[ — Fitwith F,"=0.6

E SM (arXiv:1808.03565 [hep-ph])

Large efficiency variation — experimentally
dificult
Belle: FP* = 0.60 = 0.08(stat)£0.04(sys)
FP" =0.60 = 0.08(stat.) + 0.035(syst.)
SM: FP" = 0.46 £ 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)

:HHJnnhnuluuhuwJunhnuluu}uu\un
1 -09-08-07-06-05-04-03-02-01 0

cos@, (D*)

Expected number of events for FLD* in full data set is ~ 15000.
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Prospects for B — D®)rv at Belle |l

Composition of the systematic uncertainties in each Belle analysis
Belle (Had, ¢7) DBelle (Had, ¢7) Belle (SL, ¢7) Belle (Had, h™)

Source Rp Rp- Rp- Rp-
MC statistics 4.4% 3.6% 2.5% 30%
B — D*ty, 4.4% 3.4% 1% 2.3%
Hadronic B 0.1% 0.1% 1.1% fgg%
Other sources 3.4% 1.6% ﬂ:i% 5.0%
Total 1% 5.2% 3% a%%%

“The Belle Il Physics Book”, arXiv:1808.10567

® The uncertainty due to MC statistic is reducible

® MC statistic affects the estimation of the reconstruction efficiency,
understanding of the cross-feed components and PDFs for the fit

e Efficiency is model dependent: g° and others distributions with used model.
Belle Il will reduce model dependency by measureing differential distribution.

® The uncertainties from B(B — D**{v,), D** decays and hadronic B decays
have to be reduced.

® Need for dedicated measurements of B — D**¢v, and hadronic B decays
with a large data sample.
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Testing lepton flavor universality with leptonic B

decavs

Very clean theoretically, hard '
experimentally SM is helicity suppressed
Sensitive to NP contribution (charged
Higgs)
_ (B — uv) )

(B ) B(B - lv) = mi(1 = 2L fh Vs T
_T(B—ev) B
" T(B—>1)

g TB=w)
(B — xwlv)

™

R™

SM test in B measurement

Mode | SMBR | Current meas. Belle Il | Bellell
S5ab-1 | 50ab-1

™ 104 20% uncertainty 15% 6% Belle Il Full simulation with expected

uv 106 40% uncertainty* | 20% 7% background conditions (hadronic tags only)
S}\ S.L. tag expected to have similar sensitivity

ev 101 Beyond reach - -

* arxiv:1712.04123 2.40 excess [2.9,10.7]x107 at 90% C.L. | Extrapolation of Belle Analysis
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Semileptonic B decays with b — s¢/*/~ transitions

® reconstruction of exclusive decays is very straight forward and well established
at Belle
¢ improvement in reconstruction possible at Belle Il
® Belle Il have tools (FEI) for fully inclusive measurement; unique position for
measurement with different systematic errors.
* Band @2 distributions are already systematic dominated at LHCb

® still we can test the deficit of muon modes observed by LHCb
® and recheck the region of higher charmonium contributions of
G% > 14.4Gev?

* Belle measurement of A|(B — K{*(¢~) lead to isospin violation check
® angular analysis is avery important topic at Belle I
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New Physics in b — s(t(~

Lo} ' 2 ' ' ' NP inb—>s I*l
\ — /]
)/
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00F SM/./ ] Urquijo and E.
= o Kou)
%” —05} i
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Prospects on LFU
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Summary

* Belle Il experiment has started physics runs and expect to accumulate ~ 50
times larger data sample then previous B-factories, which will be crucial for rare
and decays with missing energy

® Belle Il is an excellent detector for lepton universality studies, especially for the
channels involving missing energy. Same is true for ee vs uu channels, due to
similar reconstruction efficiency.

® The B — D(*)¢v channels at Belle Il are statistically limited, however for Ry
better modeling of B — D**{¢v and generaly hadronic B decays is necessary.

* Belle Il ML-based full event interpretation tagging method improves B meson
tagging compared to Belle.
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Backup
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Kinematic variables describing B — D" 7w,

\ B — D7, g% = M, - effective mass squared of
\ D* — Drm the Tv system
. T — TVr 0 - angle between 7&B in W* rest
e frame
8a(D) x - angle between the 7v and D*
T Nl decay planes
—~—

One1(D*) - angle between D& B in D*
rest frame

One1(7) - angle between 7& direction
opposite to W* in 7 rest frame

__ar
d cos Ope(T

a=1.0forr = 7v; a=045forr — pv

;= 3(1+ aP; cosbhe (7))

t Feopm) = 3[2FL cos?(6ha(D*)) + (1 = F7) sin® (6her (D*))]

G?,cos Ohei(7) and cos . (D*) can be reconstructed at B-factories with
hadronic decays of Biag
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Testing lepton flavor universality in b — u semileptonic
decays

_ B(B—=wrtyr)
R(r) = B(B—nl ;)

- Data

Feasibility already demonstrated with Belle.
No statistically significant signal was

< fixed BG observed B(B — n7tv;) < 2.5 x 10~*
Phys. Rev. Lett. 118, 211801 (2017)

Central value:

B(B — nrtvs) =

Events / 0.15 GeV
&

5K v _

BBE &L ISk (1.52+£0.72+£0.13) x 1074

10 RIS i i
T s I Belle Il extrapolation of uncertainty
RO IRRIIRRILKS 1 1

B R RIS 5ab 50ab

P 2050500260 te %600 % %% et e e e ts 2o e ettt S Ay +0.23 or R +0.09
0 2 4
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Peak Luminosity [x10%* cm™?s™]

General Outlook for next years

100 T T
80 L CKMa,y < 2° B— o \47
Fully establish -
60 |- @r
rule out NP in R(D/D*)
40
Resolve |Vubl|/|Ven| B
20 Int. Luminosity
Discovery of
B — uv
0 L !
201911 20211 T 20231 20251 202711
Belle integrated luminosity
o =
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Andrzej Bozek IFJ PAN, Krakéw

Lepton Flavor Violation in = Decays at Belle Il

e Super B-Factory, and 7 factory too! o
o(ete- —=> Y (4s)) = 1.05 nb wf
o(ete- —=> TT) = 0.92 nb wE

10}

e Charged LPV process occur oscillations 1in o
IOOPS_' In_ SM, small rate is immeasurable oo TosoToe o oo 00 For o 0%
(107#"~107°*) for all LFV decays. v . Yeur
Talk by Ami Rostomyan
Am 9 w, at TAU 2018
‘ “Thrust axis (T) is maxi) the event shape variable

Bli = 17) = 52| 3 Ujt Ui
=23 W S

T [m

e Charged LFV enhanced in many NP models (107~107°)

Pl
" Thrust and visible energy are
useful variables in analysis.”

v K
&\K#;
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Belle Il physics

Observables Expected the. acen- Expected Fadlity (2025)
racy exp. uncertainty
UT angles & sides
o [°] e Belle 11
o ] e Belle 11
63 ] «+  CKM LHCb/Belle 11
Vs incl. *ax Belle 11 -
el el . Belle I E. Kou, P Urquijo et al.
| in clle J
Vs exel - Belle 1l/LHCb Belle Il Physics book,
CP Violation .
S(B - ¢K°) wex cPV 0.02 Belle I arXiv: 1808.10567
S(B =7 K% e 0.01 Belle 11
A(B — KO7%)[10-2) - 4 Belle 11 (Accepted to PTEP)
AB = K*77) (1072 bl 0.20 LHCb/Belle IT b
(Semi-)leptonic
B(B —7v) [1079] = (Semi) 3% Belle 11
B(B — pv) [1079] = % Belle 11
A _..LEPTONIC [} Belle
R(B — D*7v) hiad 2% Belle 1/LHCh
Radiative & EW Penguins
B(B — X.v) = 1% Belle 1T
Acp(B = Xy 7) 1072 *=* 0.005 Belle 1T
S(B — K%1%7) e 0.03 Belle 1T
S(B - py) had EWP oo7 Belle IT
B(B, = ~v) [1079) ** 03 Belle 11
. . B(B - K*v) [107°] *ex 15% Belle 1T
Very R/Ch PhySICS B(B — Kvw) [107%] *ae 20% Belle IT
R(B - K*1f) e 0.03 Belle II/LHCh
Program! Charm
B(Ds = pv) hoid 0.9% Belle 11
B(Ds - 7v) ** CHARM 2% Belle 11
Acp(D® - K970 [107%)  ** 0.03 Belle 1T
la/pl(D° — K =) i 0.03 Belle 11
S0 - Kixtao) 9] . 1 Belle 1T
Tau }
7=y [1071) e <50 Belle 1T
T ey [1071] A TAU <100 Belle 11
7 — e 1107101 biad <3 Belle 11/LHCh
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SuperKEKB: the nano beam scheme

Beam current

Beam-beam parameter
o,
L=t 1422
2er, o

(‘+/
S R,
5

G: beam size \

DR for LER

and RF gun B function
KEKB SuperKEKB .
units
LER | HER | LER HER

Beam energy Eb 3.5 8 4 7.007 GeV

Beam crossing angle| ¢ 22 83 mrad
B function @ IP | Bx/By 1200/5.9 32/0.27 | 25/0.30 | mm X20

Beam current b | 164 | 1.19 3.6 2.6 A X2

Luminosity L 2.1 x 10% 8 x 103 cm2s X 40
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Belle Il detector

* The Belle Il detector has better resolution, PID and capability to cope with higher background
= . K. and muon detector (KLM): ’

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

‘( Electromagnetic calorimeter (ECL):
L Csl(Tl) crystals, waveform sampling

\
76/8‘;?'::;
el

Trigger:

Hardware: < 30 kHz
Software: < 10 kHz

Vertex detectors (VXD):
2 layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

Particle Identification (PID):
Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Central drift chamber (CDC):
He(50%):C.Hs (50%), small cells,
fast electronics
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New Physics in b — s(t(~

* Dilepton Y. Sato, Phys.Rev. D93 032008 (2016)
— Electron selected from dE/dx in CDC and ECL

— Muon from KLM

— We might be able to use TOP and ARICH for
low momentum region which improve
efficiency for low ¢? region

&

B> Xsee

8

Events / 2.5 MeV/c?
s 3

Events / 2.5 MeV/c?
S

=
;;;;ﬁ

|
o Xs :
TR T T P T TR
— isreconstructed from Knm (O<=n<=4). MO o I
— We can add three kaon modes and n S
modes (two pi0 modes?) i B2Xshp | v
22 2
* Backgrounds 2 zvsl
— Dominated by B>XIv and B=>VIv g ! g ':_me
+ Second largest is ee~>cc but event shape h : 2 o _‘}(‘
information can suppress the background. S22 saa M:[’G‘ij]” 530 S22 s M:(’G‘Sw/:lm 530
— Can be suppressed with missing energy @7 ¥ a0 @8 Xt p candicato with comé < 0
and vertex information. Forward event backward event
[1,6]GeV?
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Challenges for D* polarisation measurement

Main experimental problem:
strong acceptance effects for cos the(D*) > 0.0

efficiency distribution of slow 7* from D*
80000
cos Oper(D*) > 0.5
60000 [
mc
40000
20000
cos Oy (D*) < —
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 8 -‘\“\

€0S(Ohel(D*)) 12 0.14 0.16 0.18 02 g2 9 4\?]

Effectively only cos 0| (D*) < 0 is useful for FLD* measurement
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Measurement of 7 polarization in B decays

> both B° and B~ decays are used;
only 2 body  decays: 7 — 7w, pv

» sample divided into two bins of costy: PT = F r
I: =1 < €OSbhet < O; @ T costye >0 cost <0
11: 0 < coSbhe < 0.8 (for 7 — 7v)

2 rcosohcl >0~ rcos()hcl <0

Experimental challenges

D

» corrections for detector effects: acceptance,

40
z;{;;ftig gg;(j';el bins, crosstalks between 22 :\\\\\\\\\\\\‘\\

. . 6-04-02 0 020
» for 7 — m(p)r modes combinatorial
background from poorly known hadronic B
decavs

.
%

< 160
» Distribution of cos 04¢/() is modified by: € 1ot |[ls-o MC Z
> cross-feeds from other  decays £ 120F |50, %
(contribute mainly in the region of E 100 S %
cos Hhe/("') < 0) % Other background %
» peaking background (concentrated %
around cos Ope/(T) &~ 1) 60] é
.
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~v, differential distribution : q°

02 T

—~ /'/ 0.6]
~ g
Q s a 0o . 05
04 (=7 an
al a o2 04
0 s Vector 03
’ *& 02
0.6 AR 0.1
05 / SM | i i
0.0 02 04 0.6 08 00 0.1 0.2 0. 4 0s 0.0 0.1 02 0.3 04 0s
R(D) R(D") R(D)

M.Tanaka,R.Watanabe - arXiv:1212.1878v1
Differential distribution can be measured to constrain NP contributions

Detailed measurement of g2 and other kinematic distributions including polarization of
the 7 and D*

g | 7
31200,
w [
10001 Belle | MC are generated in the SM
800; hypothesis
600} Block histograms is a 2HDM-type I
r benchmark

I 50 ab-1 projection of the
?00 subtracted q* spectrum
inB>D*tv(HT)

6 7 8 9 10 11 12
A X tf (ﬁ;?v%?g
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