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SM NP ) )
is at the forefront with the

Belle IT intention to study B physics.
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Search for rare new phenomena using CMS Energy (GeV)

medium-energy high-luminosity machines. Energy_
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Why study B physics at Y'(45)? =@—" e

R 5d

B),B"
The process e’e” — Y (4S) — BB has comparable cross section to e'e” — qq, where
q=u,d,s, ca.ka.continuum ;'
‘ s energy threshold
$ Y25) for BB production

Provides complementarity wrt LHCb
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Advantages compared to proton-proton

> Low average multiplicity — neutral reconstruction
> Constrained kinematics — good missing momentum reconstruction
> Correlated BB’ - high flavour-tagging efficiency

> Open trigger - 100% efficient for almost all B decays

hadrons

Disadvantages compared to proton-proton

> Cross section - 150,000 times smaller

> No B, B_orA_ produced - can run at Y(5S) for B,

> No boost in the c.m. frame - partially overcome by the asymmetric beams



(Super) B factories

> The B factories, Belle with KEKB + BaBar with SLAC, collected 0.71 + 0.43 =
114 ab™ Y (4S) samples.

> Led to many achievements: confirmation of KM mechanism, b — c1v, direct
CPV in B decays

> To search for physics phenomena beyond SM in B, D and 1 decays with even
larger statistics, major upgrades were performed to Belle and KEKB.

SuperKEKB: Asymmmetric e*e” collisions at (or close to)
Y(4S) resonance.

Mt. Tsukuba

Higher instant luminosity achieved with increased
currents and using so-called nano beam scheme:
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KEK Tsukuba ~ 5 mm
Campus

ox ~ 9 pm, o, =~ 50 nm 4
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SuperKEKB and Belle I

2 B's and nothing else

Belle 11 Online luminosity
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World record peak luminosity: 4.7 x 10** cm™@ s™
(2x KEKB)

362 fb™' on-resonance data collected so far

Can be combined with Belle (711 fb™)

Target: 50 ab™

~1.1 x 10° BB pairs per ab™
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EM Calorimeter (ECL)
Energy resolution: 4%-1.6%

Central Drift

Spatial resolution: 100 gm

prresolution: 0.4%

~7.5m

»

/ :
= \\\ Particle identification

Chamber ff. 90%, fake T rate 5%

dE/dx resolution: 5% \\‘ !

> High-resolution and large-coverage detector
> Clean environment: 2 B's and nothing else in the event

= B-tagging and flavour tagging
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Physics at Belle Il

On top of the rich B physics
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B flavour physics at Belle I

Along with the precision
measurements of the CKM sector,
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: : IVepls IV
Hadronic B-tagging e B

is widely used in Belle Il

Data - MC
Tt Events / (0.29 GeV?/c*)

It allows neutrino
reconstruction at
Belle Il.

(equivalent to
reconstructing
inclusively)

Effective hadronic
B-tagging is essential
for a large part of
Belle II's physics
program.

EECL [G'e{;]" |



Hadronic B-tagging
can provide direction of BSig

K+
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Meecoi (GEV/CT)

[PRL 130, 261802]

B*->K'tut

(\E\ 12 —e— Data

2 -.=- Signal (90% U.L))

o N - = = = Background

s 10 = All components

e L

5 L

= L

b2 L

c L

[}

S i

w N N

G: l ‘l, l, Ll K+ ' u

Along with filtering BB events
with high purity, hadronic
B-tagging can provide the

direction of the signal B-meson
(unique to e’e® machines).

How does it work...?




Hadronic B-tagging tool at Belle Il

Full Event Interpretation (FEI)

Neutral

(’T I ]( Displaced
racks
.. | Vertlces

Clusters

e e—— -

—~—] ‘}k—~~_

K+f+

Designed for Belle Il software,
now used with Belle data also.

For each decay, BDTs trained on MC.

B*-tagging uses 36 decays.
But, essentially B = D™ mar* n1°, gives most of

the efficiency.

Total efficiency < 1%.

Using semi-leptonic decays or inclusively
reconstructing can provide higher efficiency,
but at the cost of purity.

A

Efficiency e

Inclusive Tag
e = 0(100)% ‘Gg
Consistency of By,,

Semlleptomc Tag /[E
O(1)% — B,
Knowledge of Bi,e v

Hadronic Tag o
e O(0i)%, —
Exact knowledge of By,

d fyung
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Hadronic B-tagging tool at Belle Il

Full Event Interpretation (FEI) For each decay, BDTs trained on MC.

( Tracks Rasplaced w | Neutral W B*-tagging uses 36 decays.
& Vertices | Clusters

= o But, essentially B = D™ mar* nmr°, gives most of
P —— = the efficiency.

ot | e | it - N i’ o
| Total efficiency < 1%.
JJw A 2 .
x - But, large data-MC discrepancy was observed
K3 ¥+ | (even largerin Belle 1)

Normalization to account for it
= large source of systematics
= And also poor performance

) But why the large discrepancy?
Designed for Belle Il software,

now used with Belle data also.
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Hadronic B to charm decays

we don’'t know half of them!

Hadronic B-decays: ~75% of the total branching fraction. J
But only about half of it is measured. X
PYTHIA is employed to generate the other half in MC.

Understanding
B —» D™®h decays
is essential for

Even among the measurements, most are performed with small data sets :
B-tagging.

= Large statistical uncertainties.

© Semileptonic (£={e,u})
® Semileptonic (7=1)
e Hadronic
[J Covered by FEI
EvtGen
W PYTHIA

Poor knowledge of hadronic B decays
= Poor MC (significantly different from reality/data)

= Poor hadronic B-tagging Is the MC really that bad?

= Limits our reach to exciting physics room for improvements...

12



. . . Understanding
Modes in hadronic B-tagging B - D"h decays
some of the largest 3 in PDG B-tagging.

L k)B~->D**n-n—n®

“'0 30
k3
ARGUS, 229 pb! 7% " CLEO, 0.89 fb"
33 years ago i 29 years ago
Uses M, ~ 10 Uses M,
(15+O7)% - = (1. 34+O18)%
47% uncertainty! ol 13% uncertainty!

[Z.Phys.C 48 (1990) 543-552]

Not so great even with lower multiplicity

Old measurements with large uncertainties.
EvtGen only takes central value = MC contains unreliable information?

We need to remeasure with large statistics now.

13



Understanding
B —» D™®h decays
is essential for
B-tagging.

Modes in hadronic B-tagging

some of the largest 3 in PDG

ik)B_—’D*+7T-TT_7TO ] E EC

(9]
o

ARGUS, 229 pb" CLEO, 0.89 fb"

N / 5 MeV/c?
3

But model? = p'?

L
1 0

L 1y
15

[PRD 64 (2001) 092001]

ey
20 25
"“( V)

33 years ago 29 years ago
Uses M, 5 Uses M,
(15+O7)% = (1. 34+O18)%
47% uncertainty! ol J 13% uncertainty!
[Z.Phys.C 48 (1990) 543-552] M (GeV /o) we [PRD 50 (1994) 43-68]
_||1|||_:<5 """""""""""""""""""""""""""""""
B+ e D*O ‘TT+‘T|'+‘TI'_‘TI'O L :I:r:ltlieband ] i g -
i AE sideband 1! « 200 LHCb 35 pb_1
1 150 - g T —— Signal MC !
CLEO,9fb ' g [Tojee0fs s 12 years ago
22 years ago - g | Dy(2460)°x MC
Uses M groo- H4! §100
bc s T : But
= o, “or I —
22<y(1.8 i 0{4)-A’t ! L I B(B' > D a’)
o uhcertainty: T R P not provided! &
1 1000 1500 2000 2500 3000
olu s mr'n Mass (MeVic?)
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Understanding

Modes in hadronic B-tagging B Dh decays

] is essential for
some of the largest 3 in PDG B-tagging.

For decays with higher multiplicity, we need to know the decay model for MC.

Not necessarily the complete amplitude with interferences,
but something simple to set in MC, i.e., intermediate resonances.

Inclusive

g T DOt
/

D,(2460) °r MC

When LHCb does not explicitly provide that information... \4
we are left with B8(B* - D°a,") = (0.4 + 0.4)% B(B~ - D% ntn)
and B(B* —» D7 p°) = (0.4 + 0.3)% BB = Dr) = 127 == 006 0.11
from CLEO (1992, 212 pb™) in PDG. % [TAcE
> | B'— Drn*n
O
=T oo LHCb, 35 pb
g [Cojee20'w & 12 years ago

-
o
(=)

L

But
B(B* - D° a,")
not provided! &

riil BPOY e e
1000 1500 2000 2500 3000

mr'n Mass (MeV/c?)
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Understanding

Modes in hadronic B-tagging B Dh decays

is essential for

B-tagging.
For decays with higher multiplicity, we need to know the decay model for MC.
Not necessarily the complete amplitude with interferences,
but something simple to set in MC, i.e., intermediate resonances.
Belle Il is (re)measuring many modes with the Especzglly irl theo
intention of improving MC (understanding). -------- + B — D™ m* nm- sector

usually 3 ~ 1073

In the meantime, we updated the relevant decay description of our MC, and
noticed significant improvements in the agreement with data, as well as the purity.

Going back to using hadronic B-tagging for searching missing energy modes...

16



Flavor in Standard Model

Lepton Flavor Universality (LFU): e, p and 1 have identical coupling strength.
Only difference comes from their masses.

Can be tested in B decays:

Q_ wn [+ l
v o
% - Dy 8
o 144 o Y24 i W V S
© b B - @)
— Z
0 b t,cu ) b teu s
E w
I'(B— DWrp, '(B— Hete)
RT/é ( ) (g — e,,u) R;I/:u' =

p® = T (B = DW= FB T e )

Deviation from SM = powerful probe for new physics living at higher energy scales.

17



Experimental status of LFU tests

A precision era

R(D*)

0.35

0.3

0.25

0.2

e T(B—DWr i)
DY T (B — DWe-1)

(£=e,p)

rryryrryrrrr[rrrrrrrrrr|rrrrr|prrrrrrrrrory

Summer 2023

L
ﬁ
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Ay* = 1.0 contours

- BaBar s
T Bellell  C---AS SRR 7
L o —
- Belle \ -
B : a
— LHCb -
= World Average =
— 4 HFLAV SM Prediction R(D) =0.357 £0.029,,, ]
= R(D) = 0.298 + 0.004 R(D*) =0.284 £ 0.012,,,, =
B R(D*) = 0.254 % 0.005 p=-0.37 =l

P(y?) = 33%
.I...I...I....I....I....XI....I

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Combined deviation of 3.3c from SM.
= Larger couplingtot

e/u  T'(B— Hete™)
H T (B— Hptpo)

R

PEe(q2;, TRax)

14 LHCb Rk lowg® =0.994+0%%
[ 9 b1 R central-¢ = 0.94979048
1.2 Ri-  low-g" = 0.9275505
Tt Ry (:entml-q2 = ]_0277::’)::1);7‘
< 1.0 { i :|: {
0.8

I Data X2 =1.6,p=0812 0 =0.2

s — SM
Ry low-¢° Ry central-g¢° Ry low-¢° Ry central-g°

Now agrees with SM.
Also B = K'vwv...
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Evidence of B* - K*'vv
Saga of b — s transitions

SM Average Privately produced comparison

_ AU — I L o D e e e = = —
| : ——— Belle II (362 _fb‘l,_ Combined) l
I 1 2.4+0.7 This f\ll;ll_\'.\ls. preliminary | I Latest!

o : Belle II (362 fb"!, Hadronic) I
I 1 1.1 +1.1 This analysis, preliminary ShOWn at EPS-H Ep 2023.
l : R Belle II (362 tb!, Inclusive) .
L . I 2.8 4+ 0.7 This analysis, preliminary | . .

T Ao s oo g [ Combining results from
i i 1915 PRLI2T, 181502 hadronic and inclusive-tag

——— Belle (711 fbt, Semileptonic)(*) methods, a 2.8c excess is
I 1.0+£0.6 PRDY6, 091101 b d t SM'
y : ° Belle (711 b, Hadronic)(*) observea wr :
. I 3.0+1.6 PRDS87, 111103
: I . .
P —— Babar (418 fb", Combined) What does it all mean for
E .S U.0 of, & D + + 7
— : Babar (418 fb !, Semileptonic) B" — K'tr decays?
. I 0.2+0.8 PRDS87, 112005
: I
: o Babar (429 fb-!, Hadronic)
. I 1.5+ 1.3 PRDS87, 112005
1 l L Il l L 1 1 l 1 1 L i L 1 1 1 1
0 2 4 6 8 10

105 X Br(B + _>K + VD) (*)Belle reports upper limits only; branching fractions are estimated

using published number of events and efficiency



Probe through B — K1z

Enhancement in b — stt?

Ry, = Larger coupling to 1?
%  Third generation

% Heavier mass

Should also be seen in FCNC b — sttt transitions?
-

tc,u
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NP prediction for B — Ktz

Enhancement upto 1000x!

I:QD(*)

% Heavier mass

NP prediction B : [

1073

B(B* - K*r*t17)

= Larger coupling to 1?
%  Third generation

10

107°

10—(i :

1077

Should also be seen in FCNC b — sttt transitions?

NP particles can be present in the loops,
enhancing the amplitude significantly.

For example, the U, leptoquark (LQ) model
can explain both the low-energy constraints
and the direct searches at the LHC.

SM prediction B : ({1077
P a107) "\ 1000x!
1074)
: Belle IT (50 ab™")
Cop=D0
W Cip=—C;
TT005 010 015 020 025

Equally left-handed and right-handed U, LQ

J. Aebischer, G. Isidori, M. Pesut, B. A. Stefanek and F.Wilsch
EPJ C 83 (2023) 2,153
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Experimental status of B — K1z

We are not there yet

Ry = Larger coupling to 1? Should also be seen in FCNC b — sttt transitions?
%  Third generation -
%* Heavier mass o
SM prediction 3 : ¢{1077) % 1000x! NP \ T
NP prediction B : ¢(1074) : ’ b X S
Exp. 3 UL: g103) ) 10%

1 leptons have short lifetime producing neutrinos
= Can't be fully reconstructed

Using Hadronic B-tagging techniques at e*e -collision experiments:
B(BT* - Ktrt77) < 2.2 x 1073

i e -=-=-=--- BaBar (469 fb, 2017) : PRL 118 3, 031802
e'e 7 I e !
Nf)kg 49.44+2.442.9 45.84-2.4 43.2 59.21+2.8 :!:3.5: T - e, M considered.
e;ig(xlo‘S) 1.1 £0.240.1 1.340.240.1 ;2.140.240.2 1 3.70 excess is reported in the e*py* channel.
obs 45 39 ! 92 :
|

Significance (0)  —0.6 09 37 1 Can Belle & Belle Il do better?




and the other B in the event,
there will be no additional
energy in the calorimeter (E

B
How do we search? e, W
Using the other B (tag-side) K+ WV o
After reconstructing the
3 charged tracks on signal-side T Y(4S 4
ECL)' )\\

= In the rest of the event B
(ROE), sum of the energies of iy
the clusters should peak at O. .@
/ \
" e

If the B, is reconstructed
using hadronic decays:
Hadronic B-tagging

+ 4
. H
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UL extraction with Belle + Belle |l
That's 1.1 ab’

# events / 0.1 GeV

50

40

30

20

10

0

Belle
Mask 4

= Signal MC (B = 1072)
I Bl charged
- 1 mixed
EEN qgbar

e

0 1 2
Eec. [GeV]

# events / 0.1 GeV

After B-tagging calibration:

Belle Il
Mask 4 Ktevg™ KTt KtetuF
50
] == Signal mC (5= 1079 Signal efficiency (1075) 1.6+0.3 11402  2.8+0.3
bl - Background yields 82.24+9.1 647+80 153.2+124
: B qgbar
|
P NUL calculated using Rolke method
: [W. A. Rolke, A. M. Lépez, J. Conrad
20, Nucl. Instrum. Meth. A 551 (2005) 493-503]
|
10 T
1 N(.»L
g BBt = K'rtr) < . —
ol : . € -2+ f£¥- N(BB)
Eec. [GeV]

Normalized to 100 fb"'

Signal region: 0 - 0.25 GeV

In collaboration with Trieste.

B(B* » K*11) < 6 X 104 at 90% CL

Huge improvement compared to the previous, 2 x 103!

Entering the realm of New Physics...
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Summary and future

>

>
>

Belle (Il) is a unique environment to study modes with missing energy
B — Kvv, K1, K1l, 11, 71, D™1Vv, 7V, v ..... and many other opportunities.
Important contrast and cross-check to LHCb studies.
B-tagging plays an essential role, improvements require more and better
measurements of hadronic B mesons.
Ongoing measurements: B —» DWKK®, Dar*ar®, A_p* nr, D¥nar* sprung from
this effort. And more ideas to take form.
Currently ongoing search for B* » K'tt looks promising, entering the realm of
new physics.
Many more analysis and more data to come

Large Hadron Collider (LHC)

et DR re2 R | )
7 TeV=— 8 ToV — 13 ToV = 13,6 ToV e

LHCb Q fb-! e Upgrade | 35 fb- ! s— Upgrade Ib
ATLAS/CMS 190 b ee] 450 b ]

Belle (1999-2011), 711 fb s 12 |
=~ Babar (1999-2010);}420 fb
SuperKEKB 25




Summary and future

> Belle (ll) is a unique environment to study modes with missing energy
B — Kvv, K1, K1l, 11, 71, D™1Vv, 7V, v ..... and many other opportunities.

> B-tagging plays an essential role, improvements require more and better
measurements of hadronic B mesons.
Ongoing measurements: B —» DWKK®, Dar*ar®, A_p* nr, D¥nar* sprung from
this effort. And more ideas to take form.
>

Currently ongoing search for B* » K'tt looks promising, entering the realm of
new physics.

-
o

o

o

The increasing instantaneous luminosity demands a
robust trigger system to not limit the physics reach.

@

35

Peak Luminosity [x10*'cm s™')
F-N

(o)}
T

IFIC participates in the vertex detector upgrade (LS2)
for running safely at higher luminosity with enhanced

. . ) : Ls2
performance. Working on trigger integration.

LS1

More on upgrade by Carlos Marifas on Line 7 day soon. O — o e
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Analysis workflow

Final state particles are combined to form B candidates and good candidates are selected
(particle ID criteria, continuum suppression...). Then, yield is extracted from AE (preferably):

1 [

Signal
Continuum
BB background

Well-known
Signal beam energy

Continuum
[ BB background

Courtesy of S. Raiz

Counts [a.u.]

qg events BB events

5.2 4 : 5.28 5.3

S/4 _ p;k2 (GeV/Cz)

03 -02 -0.1

AE = E¥ —

e TR

Reconstructed B 4-momentum

0 0.1 02 03

\/’5 /2 (GeV)

Control sample is used to validate and assess systematic uncertainties
28



