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Flavor physics and EW penguins

By precisely measuring the parameters of the Standard
Model (SM), we might find signatures of New Physics (NP)
beyond the SM.

Or even discover processes that are forbidden in SM.

Electro-weak penguins

.....

Flavour Changing Neutral Currents (FCNC) b » s(d)
are one such precision measurements in flavor physics.

G
The FCNC processes proceed via one-loop diagrams in , :
the SM at lowest order.
v Z,,
Since NP particles may enter the loop diagrams or even / o :
mediate FCNCs at tree level, the b » s(d) are sensitive to % '
physics beyond the SM. (,/‘/ \‘\, B ¥
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Current anomalies in B-physics

Different behavior for different lepton generations:

Semi-leptonic B decays are showing tensions with the SM predictions
= a possible violation of the Lepton Flavor Universality (LFU).
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Current anomalies in B-physics (cont.)

R(K®) Semi-leptonic B decays are showing tensions with the SM predictions
B(B - KMW#') = a possible violation of the Lepton Flavor Universality (LFU).
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Impact on B = K* " T"decays

B" = K"t T is a FCNC process

= highly suppressed in SM,

= happens through penguin loops
predicted BF: O(1077)

T is 3rd generation and higher mass

= stronger coupling to NP,

like U(1) leptoquark predicts BF: O(1075 - 1074)
[2103.16558, 1712.01919]

Current (and only) limit:
BF <225 x10° @ 920% CL
[BaBar, 1605.09637]
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10|

2/

oL—

1.1 12 1.3 14
Ry/RJ

1.5

‘ RD(.)&RW 20
5] Rol-)&RJw 1o
B Br(B,~11)

| W Br[B-K"r1]

B Br[B-Kr1]
Br[B,~ ¢r1]

B. Capdevila, A. Crivellin, S. Descotes-Genon, L. Hofer, et J.

Matias, arXiv:1712.01919, PRL 120, 181802



SuperKEKB ond Belle Ildetector

5 ;- KEKB+Belle collected

~lab™in ~10 years
(1999-2010)

SuperKEKB + Belle |l
8 olans to collect
~50ab™in ~10 years.

B Need to increase

instantaneous
luminosity
substantially!



SuperKEKB and Belle Il detector

IP region

+ nano-beam
dcheme

= K. and muon detector (KLM):
. E[ectromagneﬁc calorimeter (ECL): Resistive Plate Counters (RPC) (outer barrel)
- CsI(TD crystals Scintillator + WLSF + MPPC (endcaps, inner barrel)
v waveform sampling (energy, time, pulse-shape)

e. (7GeV)

e+ 4 CeV 36A =
rigger.
Vertex detectors (VXD): Harcware: < 30 kiz
2 layer DEPFET pixel detectors (PXD, partially installed) Software: < 10 kHz
4 layer double-sided silicon strip detectors (SVD)
New beam pipe . N .
& bellows Particle Identification (PID):
Se?sl:::'gtd(?of}) Sr:‘:l'c';ter (CDC) Time-Of-Propagation counter (TOP) (barrel)
%).CaHes (50%), : ;
fast electronics Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)
Super
KEKB
- T
B ——

The upgrade KEKB ~ SuperKEKB has required a
mmsn substantial redesign of Belle || detector, whose

capture secton performance is challenged by radiation damage and
higher background (design luminosity is x40 higher).

Low emittance positrons
to inject

Damping ring ’ .
2
¥/

Low emittance gun

(]
h)c Low emittance electrons
Lab to inject



SuperKEKB and Belle Il detector

IP region

+ nano-beam
dcheme

KEKB ~ ~ —— SuperKEKB | 7

e+ 4 GeV 3.6 /
- New

q Belle Il

New beam pipe
& bellows

—

Csl
[waveform sampling (energy, time, pulse-shape)

Electromagnetic calorimeter (ECL):

I(TD crystals

e. (7GeV)

|

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

|

Central drift chamber (CDC):
Hel50%).C.Hs (50%), small cells.
fast electronics

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

KL and muon detector (KLM): }

Trigger:

Hardware: < 30 kHz
Software: < 10 kHz

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

R

— ' ECL provides information about the energy deposited.
gy fame  CDC provides information on tracks.
u capture section
LT-‘:/g CDC along with other dedicated detectors (ARICH & TOP)
WCuo o help identify different particles (PID):evs pvstvs K 7




Prmmple of B-factories

%’g

e*e collisions at Y(4S) @ 10.58 GeV
(above the threshold to produce BB pairs)

e'e — Y(4S) » BB

happens along with:
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e*e collisions at Y(4S) @ 10.58 GeV

(above the threshold to produce BB pairs) These are the events we are searching
for among all the possibilities.

e'e — Y(4S) » BB

happens along with:
ete~(y)
u*p(y)
ete-ete
T (y)

€ — ete~uty-
yy(y)
uta(y)

. dd(y), ssly)
%)CLab cc( g ) 8



Slgnol events have missing energy B,/

\";
T
Bsig
e e’
—_— -

e'e — Y(4S) » BB But the T particles decay into neutrinos,
which can’'t be detected.

e*e collisions at Y(4S) @ 10.58 GeV
(above the threshold to produce BB pairs)

happens along with:
e*te(y) = Missing energy
M (y)
ete"ete- = The B can't be fully-reconstructed.
THT(y)
€ — ete-utu-
yy(y)
uua(y)
] dd(y), ss(y)
) Cub cclg) 8



Missing energy needs B-tagging

> by &)
</ OBR<SD
BFELLE Belle IT

e*e collisions at Y(4S) @ 10.58 GeV
(above the threshold to produce BB pairs)

e'e — Y(4S) » BB

happens along with:
ete~(y)
ptp(y)
ete"ete-
Tt (y)

ual(y)

) dd(y), ssly)
'b) Cuwb cc( g )

But the t particles decay into neutrinos,
which can't be detected.

= Missing energy

= The BSig can't be fully-reconstructed.

€ — ete-utu- So we fully-reconstruct the other B (B, )
Wiy \n the event to
- to distinguish BB event from others

- constrain the kinematics.



Analysis procedure

e We start by reconstructing one B (B
completely.

e And look for a K and a combination pair of
e, M or Tt in the rest of the event.

tag)

e e, wereconstruct everything in the event
except for the 2-4 neutrinos in the final
state.

e The extra energy in calorimeter (E

ect)
should peak at 0.*
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Just for illustration



B* tagging

B
[T.Keck et. al, Comput Softw Big Sci (2019) 3: 6] e e

In FEI, Belle II's B-tagging
algorithm:

BDTs are trained on MC for
some final states in a
hierarchical structure starting
from tracks and clusters.

WCub 10



B* tagging: 36 final states!

)
—_—
The hadronic FEI algorithm reconstructs B in 36 different B decays.

1l

But 12 B decays among them account for >90% of
the efficiency, so let's focus on them.

o
—
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Togging efficiency in data
(€,,,= BF x€...)
is one of %he limiting factor.
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B* tagging: Effectively 12 final states!

In Haodronic tagging, we essentially reconstruct (12 decays)

B — D™ (nr*) (mm©) final staotes: B

WCub

DOrx+
5*0W+
DOrtg0
D*0q+t g0
Drtatn
Doxtatn
DO+ 7070
D*O +,.0,.0

T T

Dxtata—x0

D¥¥xtata—70
D ntat

D ntata0

More m = More complex,
but higher Branching Fraction

Tagging efficiency in data
(€,,,= BF X €...)
is one of %he |m|t|n9 factor.
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B* tagging:

BDTs are trained on MC
= The performance has to be
calibrated with datao.
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Btag

Traditionally, this calibration is done
with semi-leptonic B on the signal side.

Which works well because it has large
branching fraction.

But, if MC is not optimal, the BDT selection
will not be optimal.

This cannot be studied with semi-leptonic
B because there are no peaking structures.

13



|deal control sample to study B-tagging

2.00

0.75

We can look for D° D*® and even D**in 0.50

the recoil mass of a fully reconstructed
B ond o 1t

Entries / 0.027 GeV/c?

Within a narrow region around the peak,
we know that one B decays to D°t* and we
can study the other B (decaying
hadronically)

x10%

Official Belle MC

1.50 |
125 |

1.00 |

0.25 f

L L B

t
i

- [Ldt=711.00fb1
1.75F -

Data
chalfged
mixéd
chaﬁm
uds:

e smapruc [T S O SO SO (R I O o] [ GO SO SO S B[S S S (R
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M recoil

~16k events in a 3o window around each peak in data.

Need to calibrate the algorithm, but more importantly,
®Cuo need to improve MC for training. 14



Improving MC model: An example

Let's take one final state for example: B* — DO ar ar* .
It can be produced through many intermediate states:

Decay Belle Belle 11
Bt > Dn ntnt 0.46 0.5
Bt = D’ p(770)°7+; p(T70)° — ata- 0.39 0.42
Bt — D%a;(1260)*; a1 (1260) — p(770)°7; p(770)° — mta- 0.13 0.14
BY — D a;,(1260)%:a,(1260)" — fo(600)77; fo(600) — 7F7~ 0.05 -
B* — D1(2420)°x+: D1(2420)° — D*(2010)"7*; D*(2010)~ — D'x~ 0.04  0.02
B* — D, (2430)°x%: D, (2430)° — D*(2010)"7*; D*(2010)~ — D'z~ 0.03  0.02
B* — D5(2460)°7+: D3(2460)° — D*(2010)~7+; D*(2010)~ — D'z~ 0.01  0.01
Bt — D*(2010) 7 *x*; D*(2010)" — D' 7~ - 0.09
B+ — Da1(1260)*: a1 (1260)" — 7t 7t 7~ - 007
Bt — D’a1(1260)*:a,(1260)" — fo(500)7+; fo(500) — 7+ 7~ - 005
B* — Dy(2420)°x": D1(2420)° — D'n xt L V00
B+ — D' K*(892)*; K*(892)* — K%+; K® —» K%: KO — ntn- - 001
Rest of Exclusive 0.03 0.03
Sum of Exclusive 1.12 1.38
Sum of Pythia 0 0
Total Sum 1.12 1.38

WCub

The ar ar could be directly

generated, could come through p°r*

or through an intermediate a,~
resonance.
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Improving MC model: An example

Let's take one final state for example: B* — DO ar ar* .
It can be produced through many intermediate states:

Decay

Belle Belle 11

Bt 5> Dm atnt
Bt — EO[)(77(])07T+:[)(770)0 —ata”
Bt — E()a] (1260)*;a,(1260)t — p(770)%7+: p(770)° — wtm~

046 0.51 | (0.51 % 0.41)%
0.39 042 | (0.42 + 0.30)%
0.13 0.14 | (0.14 + 0.11)%

BY — D a;,(1260)%:a,(1260)" — fo(600)77; fo(600) — 7F7~

B* — Dy(2420)°+; D1(2420)° — D*(2010)"7*; D*(2010)~ — D'~
B* — D, (2430)°x+; D, (2430)° — D*(2010)"=*; D*(2010)~ — D'~
B* — D3(2460)°7"; Dy(2460)° — D*(2010)~7*; D*(2010)~ — D' 7~
Bt — D*(2010) 7 *x*; D*(2010)" — D' 7~

B+ — Da1(1260)*: a1 (1260)" — 7t 7t 7~

Bt — D’a1(1260)*:a,(1260)" — fo(500)7+; fo(500) — 7+ 7~

B* — Dy (2420)°2": D1(2420)° —» D'n~n*

B+ - D'K*(892)*; K*(892)* — K%z+; K® —» K%; K9 — ntn~

Rest of Exclusive

0.05 -

0.04 0.02

0.03 0.02

000 001 In1992, CLEO experiment measured
- 009 these 3 values but with
- 007 ~75% uncertainty!

Sum of Exclusive

Sum of Pythia

Total Sum

- 005
- 0.02 [Phys.Rev.D 45 (1992) 21-39]
- 001

0.03 0.03

112 1.38
0 0

112 1.38

WCub
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Improving MC model: An example

Let's take one final state for example: B* — DO ar ar* .
It can be produced through many intermediate states:

Decay Belle Belle 11
Bt > Dn ntnt 0.46 0.5
Bt = D’ p(770)°7+; p(T70)° — ata- 0.39 0.42
B* — D"a;(1260)*: 4, (1260)* — p(770)07+: p(770)° — 7ta~ 013 0.14
1 1 / /
BY — D a;(1260)%;a,(1260)" — fo(600)7; fo(600) — 77~ 0.05 -
B* — D1(2420)°x+: D1(2420)° — D*(2010)"7*; D*(2010)~ — D'x~ 0.04  0.02
B* — D;(2430)°7+: D;(2430)° — D*(2010)~7+; D*(2010)~ — D'x~ 0.03  0.02
B* — D5(2460)°7+: D3(2460)° — D*(2010)~7+; D*(2010)~ — D'z~ 0.01  0.01
Bt — D*(2010) 7 *x*; D*(2010)" — D' 7~ - 0.09
B+ — Da1(1260)*: a1 (1260)" — 7t 7t 7~ - 007
Bt — D%a;(1260)*: a; (1260)* — fo(500)7*; fo(500) — 7+ 7 - 005
1 1\ JO 0
B* — Dy(2420)°x": D1(2420)° — D'n xt L V00
B+ — D' K*(892)*; K*(892)* — K%+; K® —» K%: KO — ntn- - 001
Rest of Exclusive 0.03 0.03
Sum of Exclusive 1.12 1.38
Sum of Pythia 0 0
Total Sum 1.12 1.38

WCub

Phys.Rev.D 84 (2011) 092001

% [LHCB .
> | B'— D’rn'r
0]
— 200} —4— Data
% T —— Signal MC
o [ pf2420)°x &
= D,(2460) °x” MC
kel s
5
S 100}
: +
c . ra Y i A A s s al o
1000 1500 2000 2500 3000

nmrn'n Mass (MeV/c)

In 2011 (~20 years later), LHCb looked at
this final state, but did not provide
individual measurements.

So we are still suck with a 30 year old

CLEO measurement in PDG. 15



Improving MC model: An example

Let's take one final state for example: B* — DO ar ar* .
It can be produced through many intermediate states:

Decay Belle Belle 11
Bt > Dn ntnt 0.46 0.5
Bt = D’ p(770)°7+; p(T70)° — ata- 0.39 0.42
Bt — D"a1(1260)*; a, (1260)t — p(770)°7+; p(770)° — 7t a- 0.13 0.14
BY — D a;,(1260)%:a,(1260)" — fo(600)77; fo(600) — 7F7~ 0.05 -
B* — D1(2420)°x+: D1(2420)° — D*(2010)"7*; D*(2010)~ — D'x~ 0.04  0.02
B* — D, (2430)°x%: D, (2430)° — D*(2010)"7*; D*(2010)~ — D'z~ 0.03  0.02
B* — D5(2460)°7+: D3(2460)° — D*(2010)~7+; D*(2010)~ — D'z~ 0.01  0.01
Bt — D*(2010) 7 *x*; D*(2010)" — D' 7~ - 0.09
B+ — Da1(1260)*: a1 (1260)" — 7t 7t 7~ - 007
Bt — D’a1(1260)*:a,(1260)" — fo(500)7+; fo(500) — 7+ 7~ - 005
B* — Dy (2420)°2": D1(2420)° —» D'n~n* s VDo
B+ — D' K*(892)*; K*(892)* — K%+; K® —» K%: KO — ntn- - 001
Rest of Exclusive 0.03 0.03
Sum of Exclusive 1.12 1.38
Sum of Pythia 0 0
Total Sum 1.12 1.38

WCub

Phys.Rev.D 84 (2011) 092001

% [LHCB .
> B'— D’rn'r
0]
— 2001 —4— Data
% T —— Signal MC
o [ pf2420)°x &
= D,(2460) °x” MC
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5
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: +
c . ra Y U Y s s al o
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nmrn'n Mass (MeV/c)

But looking at this plot, it looks like
most contribution comes through
a,” resonance (mass 1400 MeV/c?).
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Improving MC model: An example

Let's take one final state for example: B* — DO ar ar* .
It can be produced through many intermediate states:

Decay Belle Belle 11
Bt > Dn ntnt 0.46 0.5
Bt = D’ p(770)°7+; p(T70)° — ata- 0.39 0.42
Bt — D%a;(1260)*; a1 (1260) — p(770)°7; p(770)° — mta- 0.13 0.14
BY — D a;,(1260)%:a,(1260)" — fo(600)77; fo(600) — 7F7~ 0.05 -
B* — D1(2420)°x+: D1(2420)° — D*(2010)"7*; D*(2010)~ — D'x~ 0.04  0.02
B* — D, (2430)°x%: D, (2430)° — D*(2010)"7*; D*(2010)~ — D'z~ 0.03  0.02
B* — D5(2460)°7+: D3(2460)° — D*(2010)~7+; D*(2010)~ — D'z~ 0.01  0.01
Bt — D*(2010) 7 *x*; D*(2010)" — D' 7~ - 0.09
B+ — Da1(1260)*: a1 (1260)" — 7t 7t 7~ - 007
Bt — D’a1(1260)*:a,(1260)" — fo(500)7+; fo(500) — 7+ 7~ - 005
B* — Dy(2420)°x": D1(2420)° — D'n xt L V00
B+ — D' K*(892)*; K*(892)* — K%+; K® —» K%: KO — ntn- - 001
Rest of Exclusive 0.03 0.03
Sum of Exclusive 1.12 1.38
Sum of Pythia 0 0
Total Sum 1.12 1.38

WCub

Can be compared with data at Belle,
if we reconstruct one B as B* > DO ar*
ond otherBas B — DO ar* 1" 1

m =0
~ D
7
P d
Bsig
e e’
— -—
Btag
DO ™
Tt e

15



Improving MC model: An example

Let's take one final state for example: B* — DO ar ar* .

It can be produced through many intermediate states:

Decay

Belle Belle I1

Bt > Dn ntnt 0.46 0.5
Bt 4T /)(77())“#' :p(770)° = ot x 0.39 0.42
Bt - E"a,( 1260)*; a; (1260)" — p(770)°7+; p(T70)° — wt 7™ 013 0.14
BT = D a1 (1260)7: a1 (1260)T — fo(600)7"; fo(600) — 777 005 -

B* — D,(2420)°7; Dl(2170) — D*(2010)~7+; D*(2010)~ — 507'" 0.04 0.02
B* — D,(2430)°7%; D,(2430)° — D*(2010) ,.+ D*(2010)~ — D'z~ 0.03  0.02
B* — D5(2460)°7+: D3(2460)° — D*(2010)~7+; D*(2010)~ — D'z~ 0.01  0.01
Bt — D*(2010)" 7 *x*; D*(2010)" — D'~ - 0.09
B* — Da1(1260)*; a1 (1260) " — 77t 7™ - 007
Bt — D"a1(1260)*: a1 (1260t — fo(500)7*; fo(500) — 7+ 7~ - 0.05
Bty D1(712())“ +:D1(2420)° —» D'x 7t - 002
B* - DKk~ (892)*; K*(892)* —» KOz+; K® - K% K — nta~ - 0.01
Rest of Exclusive 0.03  0.03
Sum of Exclusive 1.12 1.38
Sum of Pythia 0 0

Total Sum 1.12 1.38

WCub

FEI mode: B¥ - D°n*ntm™
with D"~ veto

300
[rdt=711fb"1
¢ Data

~ 250 } B+ --> anti-D0 a_1+
g i E B+ --> anti-DO rhoO pi+
= | i B+ --> anti-DO pi+ pi+ pi-
© 200 BN rest of charged
O mixed
'_! B charm
o 150 uds
Py
(%]
g 100
e
feu;
L

50 |

1

%.0 05 1.0 1'.5 2i0 25 3.0 35 40
M(m*n*n~)
Comparing with data clearly shows
that a,* component is underestimated,
and the p®m* and direct a1 91
components are overestimated.
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Similarly, for other final states

B* > D° 91 1" T U°

Decay Belle Belle II
Bt 5D nrtatad 1.80 1.80
Bt — D w(782)1"; w(782) — 7 xt 70 040 0.41
Rest of Exclusive 0.02  0.05
Sum of Exclusive 222 225
B+ = D p(770)°p(770)F; p(770)° = 7+ a—; p(770)* — m+ a0 0.49 0.20
Bt — ﬁ*ﬂ/)(770)+7r+7r’; p(770)* — a0 0.40 0.20
Bt —» —ﬁ*op(770)0w+wo; p(770)° — wta~ 0.40 0.20
B+ — D p(770)~ 11t p(770)~ — 70 0.20 0.10
Bt 5 Dynty g = mnta® 0.14  0.07
B* — Dy(2430)°p(770)°x+; Dy(2430)° — D*°x% p(770)° — nta— 0.03 -
Rest of PYTHIA 0.02 0.01
Sum of PYTHIA 1.68 0.77
Total Sum 3.90 3.03

blue means

generated by
PYTHIA

D*O qr* 91" 91"

TABLE VI: Contents of the DECAY file concerning the B¥ — D*%z*z* 7~ final state and cor-
responding measurements in PDG [in %]. The rows in blue correspond to decays produced by

B* > DOar* a1 mm m°

BELLE2-NOTE-PH-2022-002

Marker convention:

B : Double counting

# : Old/No measurement

TABLE IX: Contents of the DECAY file concerning the B* — D’zr*xtz z° final state and
corresponding measurements in PDG [in %]. The rows in blue correspond to decays produced by

Pythia.

Decay Belle Belle IT Markers Ref
B — D*(2010) 7'z 7*; D*(2010)” — D 7~ 1.02 103 *x B
Bt — D' (2007)%x =t x*; D' (2007)° — D70 064 - n

B — D"(2007)%,(1260)*; D" (2007)° — D’x% a,(1260)* — p(770)°7*; p(770)° — wta~ 041  0.38 *

BY — D w(782)nt: w(782) —» 7wt a’ 037 037 % [
B* — D" (2007)%1 (1260)*; D (2007)° — D'7% a1(1260)* — fo(600)7+: fo(600) — 77~ 0.16 - *

B — D*(2010) p(770)* 7 t; D*(2010)~ — D'z p(T70)* — 7+ a0 0.14 014 %

B* — D" (2007)%a, (1260)*; D' (2007)° — D’7% a,(1260)* — 7 tata- - 018 %

B — D" (2007)%1 (1260)+; D*(2007)° — D% a1 (1260)* — fo(500)7: fo(500) — 7tz~ - 013 %

Rest of Exclusive 0.03  0.10

Sum of Exclusive 2.75 232

Bt D p(T70) xtx; p(T70)T — 7t 70 0.20  0.30

Bt — D°p(770)%p(770)*; p(770)° = m+a; p(770)* 020 0.20

Bt = D p(770) "7t x+: p(770)~ — 7~ n° 0.10  0.10

Bt — D" p(770)07* 79 p(770)° — 7t 7~ 0.10 020

Bt -+ Dlyrtsp —» natad 005 007

B+ — Dy(2430)°7 7% D, (2430)° — D*(2010)~=+; D*(2010)~ — D' 0.05 -

B* — D}y(2300)°p(770)7*; D(2300)° — D’x% p(770)° — 7t m- 003 -

B* — D" (2007)° fo(980)7*: D" (2007)° — D% fo(980) — 77~ 0.03 - o

B* — Dy(2460)°p(770)7+: D3(2460)° — D'n%; p(770)° — 7t m 002 -

Bt — Dj(2460)°7* 7°; Ty (2460)° — D*(2010)~7+; D*(2010)~ — D'~ 001 -

Bt — D'(2007)°x*x+x—; D’ (2007)° — D’x0 < a5 TE

Bt 5 DPrtatr—a0 = 0.10

Rest of Pythia 0.01  0.01

Sum of Pythia

0.79 1.10

Total Sum

3.54  3.42 *

Pythia.
Decay Belle Belle IT Marker Ref
Bt — D" (2007)°7 7w tat 103 - m P
Bt — D' (2007)%,(1260)*: a;(1260)* — p(770)°x+: p(770)° — xtx~ 0.66 0.58 *
B* — D' (2007)%a1(1260)*; a1(1260)t — fo(600)7*; fo(600) — 7z~ 0.25 - %
B* — D' (2007)%;(1260)*; a;(1260)t — wFata— - 028 *
B* = D' (2007)°a;(1260)*; a; (1260t — fo(500)7*; fo(500) = 7tx~ - 0.20 =
B* = D" (2007)°p(770)°x*; p(770)° = xt 7~ - 004 =
Rest of Exclusive 0.02  0.05
Sum of Exclusive 1.96 1.15
Bt — D" (2007)° f5(980)7t; fo(980) — 7t 0.05 - *
Bt - D' (2007)°ntxtx - 020 [ ]
. Rest of Pythia 0.00  0.00
MJCLab Sum of Pythia 0.05 0.20
Total Sum 201 135
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https://docs.belle2.org/record/2828

Why is B-decay modeling so hard?

HAD (FEl
We already saw that we (and PDG) uses a 30-year-old 205,/ )
measurement with ~75% uncertainty for one of the : . ’
largest hadronic B-decay. terra Incognita

/

But on top of that, we don't know how B decays ~40% of
the timel We ask PYTHIA to generate them.

Sy
PYTHIA (FEI) / \
5% 4% SL(FEI)
3% 18%

WCub 13



Improving MC model = B*tagging

30 window around D° peak

Dot |- s JLdt=711b1
D°ntmO g —— PDG uncertainty
D°m*n*n™ —— o - Official MC
D°rrtmPn® | : -~ Proposed MC
50"+’7+_'1_"0 i T A Overall calibration factor:
DY+ - ——— (82.6 + 0.9)%
5*0n+n0 - =
Do ntn —— —— l
DOt . (104.2 £ 1.2)%
Dontrtarnd —mrl———
D-m*n* st ——— Implementing all the
Dt |- —— —_— identified issues improves

. . i ! ! the Data-MC agreement!
0.4 0.6 0.8 1.0 Lo 1.4 1.6

WCuo i Data / # MC 14




Decay description is improved!

The improvement is not limited to calibration factors, but more importantly in the
invariant masses (of intermediate particles), which are used as training variables in FEI

3T+ case:

31t T° case:

WCub

Entries / 0.1 GeV/c2

Entries / 0.1 GeV/c?

FEl mode: B* -» D°n*n*n~
with D"~ veto

200 -

100

[Ldt=711b"2
Offical MC
[ Latest MC
¢ Data

4
' '
AEEXEM H,M,‘

300

0.5

1.0 15 20 25 30 35 40
Mn*ntn~)

FEI mode: B* - D°n*n*n—n®

250

200 -

150

100

50

[Ldt=711"1
Offical MC
+ | [ Latest MC
¢ Data

v 1 1 L 1 L
1.0 1.5 2.0 2.5 3.0 8.5 4.0

M(n*n*m~nP)

Entries / 0.1 GeV/c?

Entries / 0.1 GeV/c?

450

FEI mode: B* -»D"(2007)°n*n*n~

400 |
350
300
250
200
150 F
100

50

[Ldt=711b"?
Offical MC
[ Latest MC
¢ Data

160

1 L 1
0.5 1.0 1.5 2.0 25 3.0 3.5

M(mtm*tm~)

FEI mode: B* - D"(2007)°n*n*n~n®

140

120

[rdt=711fb"1
Offical MC
[T Latest MC
4 Data

*HH*

05 10 15 20 25 30 35
M(n*n*n~nP)

4.0 28



Retraining FEI: Validation

Once we have a new model for how the B = D™ (n1r*) (m7®) decays, we can train

BDTs again with it and see performance:

FEl modes: Bt - D"+ Do+ n®

500
" | Belle data e55 (JLdt=74fb™1)
A [ official training &
> 400 — our training (with old DEC) rﬂ
8 i our training (with new DEC) #}
N~ B ;
I 300 bl
C>. L ’:‘11 &l*',’ 1N
o - 4, B -
— 200} -w | bt
0 [ v gt re
w | * 1t
= [ i .: Y ph.iflr'&f
-E’ 100 B i ity
L o
_Av‘
Poogeper®™” | R
1.50 1.75 2.00 2.25 2.50 2.75 3.00
Mrecoil

Nothing changes in the FEI modes where we

i did not change anything.

350

300

100

Entries / 0.027 GeV/c?

50

FEl modes: B* - D°n*nm*m~

250
200}

150

| Belle data e55 ([Ldt =74fb™1)

[ official training
[ our training (with old DEC)
our training (with new DEC)

1.50

PR
2.25
Mrecoil

L P -
1.75 2.00

TN O M
2.50

P
2.75 3.00

There is a significant background reduction
in FEI modes where MC model is improved.



Retraining FEI: Effective cuts

FEl mode: BT -»Dn*m*m~

350 7 T
~ Belle data e55 {[Ldt =74fb1)
L 300 F 1 official traifﬂng
> [ our training (with old DEC)
Y >s50f our training (with new DEC)
&) 9 i
~
~N 200 : H
S
© 150f
> H H
0
.0 100 P
= : :
2 Tl
= M E
. 1 ; 1 1 |

15

10

Entries / 0.1 GeV/c?

w

Il L 1
05 10 15 20 25 3.0 35

M(ntntm™)

The new training is learning the o+
cut from the MC we give it

Can we apply this cut manually
instead?

N
w
o

N
o
o

=
w
o

Entries ;0.1 GeV/c?

=
o
o

w
o

L L L L
1.0 1.5 2.0 25 3.0 35 40
M(ntmntm~
( ) 30



Back to signal-side

Once we have a reliaoble B,
We add K + 2<e, p or T©> to R

For the signal events, the extra energy left in the
calorimeter will peak at 0, because neutrinos don't
leave energy behind.

We next have to identify what other events when

mis-reconstructed can mimic signal.
And train BDTs to suppress such background.

‘ib)CLab

In our group, similar efforts have been
made for B* = K* 1 I" reconstruction.

Estimated sensitivity:
BF: O(10%) ot 20% CL with Belle data

BF: O(107%) at 20% CL with full Belle Il data
[1808.10567]

So, in the order of NP predictions! 15



Summary

e B" K'T" T hastwo 37 gen. leptons
= Good probe for New Physics

e Search status:

o Only 1result (from BaBar) so far.
o Searching in Belle + early Belle Il data with

hadronic B-tagging  " 00l

o Belle ll is taking datal 2019 2020

Belle 1l Online luminosity Exp: 7-26 - All runs
17.51

Integrated luminosity
mmm Recorded Weekly

15.0 e [ Lecordeg dt = 427.79[fb71] /

T~
T
N
o
o

w
o
o

10.0

N
o
o

7.5

oo I,

Total integrated Weekly luminosity [fb™1]
-
o
o

25 '"

Better MC modeling of hadronic B decays can improve
B-tagging performance (calibration factor and background rejection)  Collected  :~420 fo™

10 year goal : 50 ab™

Analysis procedure

1.
2.
3.
4.
S

WCub

There are two B in one event

One B is fully reconstructed

Many B modes, and as soon as more than two arin B - DMX,

is complex but high BF.

In other B you can probe modes with neutrinos (even 4l)

Belle (Il) has a large advantage over LHCb for this search.

(different situation than B* = K* [* 1) 16

Total integrated luminosity [fb™1]



Backup



Belle Il vs LHCb

Belle 1l ete m Y(4S) s BE

Two B's and nothing else

LHCb
Large pp background

pp ™ BEX

Small cross section oy, ~ 1 nb but Opp/Ct ~ 1/4

Large cross section Opy ~ 248 b but Gpp/ Gyt ~ 102

Mostly B+/0

Not only B+/0: By, B, Ay

Efficient, simple trigger

Complex triggers

Momentum conservation, ~ hermetic detector

pr conservation, no hermeticity

Similar performance for and e and

Better performance for i than fore

High neutrals efficiencies

Poor neutrals efficiencies

B meson decay lengths: hundreds of ym

B meson decay lengths: mm

Belle I Az = Atfyc ~ 130um

34



SuperKEKB vs LHC

i superKEKB
* D
6+ %6_
E//
Clean: only 1 B-B pair,
Constrained kinematics: known Ecus(B)

~ 60 B’s per sec, ~ 1/4 of total events

|deal for decays with 7", ~

p(B) ~ 1.5 GeV
flight distance ~ 0.1 mm
= decay-time resolution ~ 0.30 ps

high reconstruction efficiency, “no” trigger

B~

B hadrons + O(100) charged particles
Unconstrained kinematics

~ 20’000 B's per sec., 1% of total events
low reconstruction efficiency, need trigger

Ideal for very rare decays to charged particles

p(B) ~ 100 GeV
flight distance ~ 1 cm

v

v

| = decay-time resolution ~ 0.05 ps

35



Retraining FEI: Effective cuts

Entries / 0.1 GeV/c?

350 g :
~ Belle data e55 {[Ldf =74fb™1)
L 300 F 1 official traifﬂng
> 1 our training (with old DEC)
8 250 our training (with new DEC)
~
o 200 | : : :
© Lo
© 150f ff
> H H H
n
.0 100 P ;
= : : :
2 Ji
= M |
O tosar 1 ’E 1 1 | i‘ 1
1.4 1.6 _--718 | 2.0 2.2 2.4 2.(\5 2.8
- 1
T ! Mrecoil \
- / 450
- 1
& 1
0 In D region : 00}
35 ," % 350 F
1 \ L
30 ‘: \‘ G} 300
h v 250
25F " ‘\ o
1 1~ 200
20 = 1 n
D‘ EI: ‘ h @ 150} |
- -
15 j i , € 100
w
10fF so b
5F oL
0 ! 1 ! {] | I i | o8
0. 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

FEl mode: BT -»Dn*m*m~

M(3T) is the dimension we usually look

at, but the changed kinematics is
visible in other dimensions like M(21)

36



Retraining FEI: Data-MC agreement

1200

1000

600

400

200

Entries / 0.027 GeV/c?

WCub

800 |

| [Ldt=74.00fb"

- t Data After reconstructing all MC and
| EER New charged data with the training based on
: mbxed & new DEC, the Data - MC

B charm :

3 agreement improves too!
uas

(even at higher M

recoil !)

P e B S S R O SO [ s
1.50 175 2.00 2:25 2.50 2.75 3.00

M recoil
37



Improving B* tagging

e Trainingis done on MC. If MC Tk | Displaced Vertios
does not resemble data:
o Biases enter in selection
conditions.
o The efficiency looks
different in MC and data.

| Neutral Clusters |

BDT
selection

We are studying the main modes
of hadronic tag and improving
their MC model to look closer to data.

e Can we replace the last stage (B* reconstruction)

BDT — cut-based

to avoid (re)training-time and be more robust?

WCub




Model for B = D™** ntt mm® decays

X =T, P, O;, WTT, PTLTL, NTT Happens through 2 channels,

g w+ one with spectator quarks (call Y)
B and one from the W (call X).
C
Y = D. D*. D** We want to modify the DECAY

table to latest PDG/paper
interpretations and this model

2 primary rules: to see the impact.

0 Y- *o . N)**0 —1-1-
- DPXD®X:D X. =10 e e e Essentially validation, we do not
(based on observation from D :D* 1t :D* 1t and D p7: D* o) want to fine-tune (except set 0
- YmiYp:Yaor~=1:25:25 there is no signal®).
(based on predictions and confirmed with T — h v decays)

Additional information:
- 3t is hard to model without some sort of o’ resonance
- For wtt we fix from measurements.
- For pmtt and nm, we let PYTHIA generate it.
- Decays of D** particles is synchronized with Belle |
®Cws - The fraction of 4 different D** is fixed based on observations. 39

*See backup


https://stash.desy.de/users/vsagar/repos/dec_update/compare/diff?targetBranch=refs%2Ftags%2Fofficial&sourceBranch=refs%2Fheads%2Fmaster

Pulls of calibration factors

per mode

Another way to visualize the improvement in the calibration factors:

DO
D°rrtm®
Dmtmtm~
DOt mm©
D°rmtn*tm—m©
Dt
Dn*n®
Dontmtm
D*ntnom°
Dnt*rmtmn°
Dnrm*
D-rtr*mO

~15

WCub

30 window around D° peak

with PDG uncertainity

15

JLdt=711fb"1

Official MC
Latest (v2.3) MC

40



Alternative FEI algorithm

Alternatively, using FEI
particle list of D, _
we want to reconstruct B* (m, n) = (1, 0) DO qr*
particle list manually

7 VAR
—_ /7 /7
in orders of D (m ar*) (n 7r°): L/ VIR Y
(m, n) =(1,1) D*Oqr* DO p* | DOar*ar®
7N 7N 7N\ VY

(m,n)=(3,0) | D**Oq* | D* m*m*

Reconstructing in this order,

going to the next step only if it fails, = Simpler best candidate selection
using the constraints of intermediate resonances when possible = Higher purity

WCuo &%;, Let's call this algorithm “ FREE " 41



LFU violation in b — s | |I": Projection

e Belle ll, enjoys nearly symmetric electron/muon

reconstruction performance, and can:
o provide independent check of R(K") anomalies

with >

5-10 ab’!

[The Belle II Physics Book]

U

SR(K)

< 0.3
€ [
] RS Belle Il 2019
0.25 '~;-:.; , Projections for R(K)
CH NS
020 %, v @ € (0.1,4.0) GeV?
C Y v 2 € (4.0,8.12) GeV?
r i %, el 2
015wtk “‘i':-,., - @ € (1.0,6.0) GeV
C 1T, o, v 2> 14.18 GeV?
- % "2 s whole ¢?
0.1 o N ‘
C X Mo 9
u ,..""‘. T U, i
00501 g o — . ""‘H\
ELLH L Tt <
0— 1 1 11 | 1 1 1 1 1 1 11 | 1 1 1 1
1

10
Integrated Luminosity (ab™)

The Belle 1l Physics B

PETP 2019, 123C01 (201

2022
0.6 0 0
- Belle Il 2019
0.5 - Projections for R(K*)
o4bL LR v F € (0.045,1.1) GeV?
TEl T | v €(1.1,6.0) GeV2
Cl ~ ¢ €(15.0,19.0) GeV?
03T s (2> 0.045GeV:
0.2+
0.1—
G: Ll 1
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