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&> ] Baryon Asymmetry of the Universe

BELLE

Sa kha rovls Th ree Cond itions for Ba ryogeneSiS VIOLATION OF CP INVARIANCE, C ASYMMETRY, AND BARYON ASYMMETRY OF THE UNIVERSE

A. D. Sakharov
Submitted 23 September 1966

* Baryon number violation ZhETE Pls'en 3, No. 1, 32-35, 1 damary 1967

. . The theory of the expanding Universe, which presupposes & superdense initial state of
i C a n d CP VIO I atlo n matter, apparently excludes the possibility of macroscopic separation of matter from anti-

matter; it must therefore be assumed that there are no antimatter bodies in nature, i.e., the

° De pa rt u re fro m t h e rm a I/C h e m ica I eq u i I i b ri u m Universe is asymmetrical with respect to the number of particles and antiparticles

(C asymmetry). In particular, the absence of antibaryons and the proposed absence of
baryonic neutrinos implies a non-zero baryon charge (baryonic asymmetry). We wish to point
out a possible explanation of C asymmetry in the hot model of the expanding Universe (see [1])
by making use of effects of CP invariance violation (see [2]). To explain baryon asymmetry,
we propose in addition an approximate character for the baryon conservation law,

Ways to search for baryon number violation (BNV):
decays of tau lepton, Decays of B mesons, Proton decay, Oscillations...

Violation of CP Invariance, C asymmetry, and baryon asymmetry of the universe -Sakharov, A.D. Pisma Zh.Eksp.Teor.Fiz. 5 (1967) 32-35,
JETP Lett. 5 (1967) 24-27, Sov.Phys.Usp. 34 (1991) no.5, 392-393, Usp.Fiz.Nauk 161 (1991) no.5, 61-64
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@] Baryon Number Violation via Baryon-Antibaryon Oscillations (i

BELLE

(1). Neutron-antineutron oscillations
(2). Charmed and bottom baryon oscillations (proposed by D. McKeen and A. Nelson)

LHCb searched for Eg oscillations in 2017 and set an upper limit on oscillation rate of w <
0.08 ps~! at the 95% confidence level
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In this analysis, we search for Z2 oscillations S—— @ S
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1. Phillips I, D. G., W. M. Snow, K. Babu, S. Banerjee, D. V. Baxter, Z. Berezhiani, M. Bergevin et al., Physics Reports, 612 (2016)
2. McKeen, David, Ann E. Nelson., Physical Review D, 94, 076002 (2016).

3. Aitken, Kyle, David McKeen, Thomas Neder, Ann E. Nelson., Physical Review D, 96, 075009 (2017).

4. LHCb: Aaij, R., et. al., Physical review letters, 119, 181807 (2017).
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BELLE

In this analysis we search for baryon number violation either due to direct non-SM process

Discovered by Belle: Chistov, R, et. al., Physical Review D, 74, 111105 (2006)

or via charmed baryon-antibaryon oscillations using two-body decay B~ > ZYA.
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For oscillations hypothesis, charge of A, tags the flavor of B meson at production time, so

—0
we know the flavor of the other charmed baryon (i.e., Z; is expected, but we may detect Z,).
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&1 Decay Channels Used in the Analysis

BELLE

Product of all
relevant

Branching fractions for

B2 nt Ak nt [k Kt

are from recent Belle measurement

In our analysis we use 3x2=6 channels:

20> E nt/AK nt /pk Kt

Channel ?r;acr;ic::;g
(107-7)

1 E0-E-mt  AZSPKO  2.80
2 E0-E"nt AgopktmT 111
3 Ed-AKkmt AZ-pK 1.81
4 Ed-AK"mt  A;-pKtmT 7.16
5 EQ-pK K mt A;-pK?  0.875
6 E0-pk K m* Ag—pK*m~ 3.45

AZ — pKg [pK*m™

Belle Collaboration: Li, Y. B., Shen, C. P., Yuan, Physical Review Letters, 122, 082001 (2019).
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Belle Detector @ KEKB e*e™ collider

Operated between 1999 and 2010

Integrated luminosity collected at Y(4S): 711 fb~1
(771 million BB meson pairs)

Charged particle tracking : SVD, CDC
Particle identification: CDC, TOF, ACC, KLM and ECL
EM Calorimetry: Csl (ECL)

Excellent tracking performance:

Orp = 130 LM
i e ¢- = 200-1400 pm

=T =T Gp /e = 0.3%\/p? + 1

1. Abashian et al. (Belle Collaboration), Nucl. Instrum. Methods Phys. Res. Sect. A 479, 117 (2002); GdE/dx = 6%
2. also see Section 2 in J. Brodzicka et al., Prog. Theor. Exp. Phys. 2012, 04D001 (2012).
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&) Selection Criteria

BELLE

Particle cindidates Selection criteria M,.: beam-constrained B mass:
m RT,,K > 0.6, Re,hadmn < 0.95
K= Rrk < 0.6, Re hadron < 0.95 My, = \/EbeamZ — pp?
/D Rypx > 0.6, Rypx > 0.6
A Vertex reconstruction, |My — ma| < 10MeV/c?
K? Vertex reconstruction with additional selection based on neutral network AE': energy difference:
= Mz- —mz=-| < 10MeV/c? = -
=0 ||]l/ =0 — M=o < 201‘./1'631///02 AE = Ep ~ Epeam
A7 |My- —m,-| <10MeV/c?
B~ M. > 5.2GeV/c* |AE| < 0.25GeV

) . . 5 . . S e ) Reconstruction efficiency
* Best candidate selection using y“ obtained from vertex fits to A, Z;, £~ candidates Channel 1 0.22%
Channel 2 7.56%
* Likelihood-based Particle Identification (PID) is used: Channel 3 9.83%
Rij=Li/(Li+L;),i,j €{mK,p,e} Channel 4 8.12%
Channel 5 8.15%
Channel 6 6.90%
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&V ] Reconstructed Invariant Masses of Signal Particle Candidates in MC

BELLE

‘ Reconstructed invariant mass of =¢ of signal MC sample ‘ Entries 14588 | Reconstructed invariant mass of A; of signal MC sample 'Entries 14588
2600/ Mean  2.469 £900¢ Mean  2.286
@ - .. o ] ..

& Belle MC, preliminary RMS  0.01603 & 800 Belle MC, preliminary RMS  0.008564
500 O
- 700—
C — = —_
00— O 0 oo A
F C = C
E 500—
300 =
400 —
200 300
200
100 — =
100 —
e et A i e 0 B 1 g et o o]
0 2.42 2.44 25 2.52 224 232 2.34

§

anstructed invariant mass of = of generic MC sample (equivalent to 6 times the data) ‘

Invariant mass (GeV/c"2)

Invariant mass (GeV/c"2)

| Reconstructed invariant mass of A, of generic MC sample (equivalent 1o 6 limes the data)

EO =
:k NH MHHHH}H ! HﬂHm}l w } o H}H " "

. | M LR il
1°§§elleleflpielimfnfrv S ‘Ht znif*e”el“"clf’re”m‘”ar?’ S +

Invariant mass (GeV/c"2) Invariant mass (GeVich2)
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&1 Signal Variables for 2D Maximum Likelihood Fit

BELLE

| Mbc vs AE of reconstructed signal MC events Entries 14588
Mean x 5.277
;0.25_ Meany 0.0003978
o = RMSx  0.008104
O 0.2 |Belle MC, preliminary RMS y 0.03107
w -
<] —
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0.05 " ) -
0;— i} )
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Beam energy constrained mass Mbc(GeV/c”2)
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Wbc of reconstructed signal MC events Eviries 34580 ‘ AE of reconstructed signal MC events Entries 14588
;E L Mean 5277 %ﬂo Mean 0.0003978
o L. | 0
890 Belle MC, preliminary | [Rus ootetos @0 RMS 003107

“| 1800f
800 1600
L I. lr 1400
600 o mooE
i ‘ I 1000}
400 - P! 800
| E
L 1 600
200~ [ 400 {
i A 2001 /
guuu Ll it E T T ‘
.2 5.215.225.235.245.255.26 5.27 5.28 5.29 5.3 [P 01 Y OF Y
Beam energy constrained mass Mbc(GeV/cA2) -0.25-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15AEC;ées.)25

My.: beam-constrained B mass:

Mp, = \/Ebeamz - pBZ
AE: energy difference:

AE = Eg — Epeam
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(@] 2D Maximum Likelihood Fit is Used to Extract Signal

BELLE

N

Mbe of signal MC for chl&ch2 standard model mode AE of signal MC for chl&ch2 standard model mode
f 7000 Belle MC limi 3 8000 Belle MC . frac = 0.204+ 0.016
2 6000 elle M¢, preliminary Z sonolsne VI, prefiminary meandeltae = -0.0000542 + 0000023
= £ 2 E meanmbc = 5.279084 + 0.000012
2 5000 F 2 6000 sigmat = 0.00833 = 0.00026
5 E - E sigma2 = 0.003924 + 0.000045
] F 5000 ; -
F E sigmambc = 0.0025560 + 0.0000089
3 PDF My, AE
F 4000
3000 E
o 3000 . .
2000F- 3 Signal Gaussian Double-
F 2000~ .
E 3 Gaussian
1000 1000
2y 265, .27 5275 528 5.285 529 . 3 =) . 03°-0.02 -001 0 001 0.02 0. 2 .05 Backgrou nd ARGUS 1st-order
Mbe(GeVie™2) AE(GeV)
Chebychev
Mbe of generic MC for chl&ch? standard model mode AE of generic MC for ¢hl&ch2 standard model mode

argpar = -32.59+ 6.7

Belle MC, preliminary | chepar = -0.101% 0.10

30| Belle MC, preliminary |

Events/ (5 MeV)

é 25_
',:} 25 T
: 20 C ‘L ‘l' Background PDF: a product of two 1D PDFs
) ll L II'I’L' .
k- .I.T ‘H, ‘H—-T l+ + Signal PDF: strong correlation between signal
10 o . . . .
: variables, however, signal region is very narrow,
° 5_ so a product of 1D PDFs is tentatively used also
g. 5.‘21 5.‘22 5.‘23 5.‘24 5.‘25 5AI26 5.‘2? 5.‘28 5. .3 —B.I-]ﬁ —D.I04 —D..D3 —0?02 —0!01 l; D.:H D.II]2 0.:)3 D,I04 0.05
Mbe(GeVie"2) AE(GeV)
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(&) Toy MC experiment for Chl & Ch2 SM mode

BELEE
‘ Signal region Mbc projection of 2D fit to ch1&ch2 SM mode | | Signal region AE projection of 2D fit to ch1&ch2 SM mode
Nbkg= 71.5+8.6 Nbkg= 71.5+8.6
o 40— . > B .

S - Nsig= 51.5+74 ) C Nsig= 51.5+74
[] r |Be||e MC, preliminary = L
= 35 D25
N F o
2 30— s
& - & 20—
> - -
w o5 C
20— 15—
10— i
g s
5 J~ ]
» ! il Il I =

I L Il:_*—llll\'_}_‘\ I [—f_‘tltl\ kIJT.IIII:_“_I‘LIILI\I ”r"\"i"”l\l\r||||r|\1 A U.I.\_'I\\L\ILT'_"TIII
g 521 522 523 5.24 525 -8.05 0.04 -0.03 -0. 02 001 0 0.01 002 0.03 0.04 0.05
AE(GeV)

Toy MC experiment for Ch1 & Ch2 Standard Model mode:
* 50 signal events, predicted based on branching fraction measured in previous analysis
* 73 background events, predicted by generic MC and sideband of real data
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(&> Toy MC experiment for Chl & Ch2 BNV mode

| Signal region Mbc projection of 2D fit to ch1&ch2 BNV mode |

| Signal region AE projection of 2D fit to ch1&ch2 BNV mode
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Nbkg = 28.3+ 5.4
Nsig= 3.7+2.0

=)
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C |Be||e MC, preliminary

Events / 2 MeV/c?
W

|I1\I|II
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Toy MC experiment for Ch1l & Ch2 Baryon-number-violating mode:

* 5signal events (10% of Standard Model mode)

* 27 background events, predicted by generic MC and sideband of real data

Nbkg = 28.3+5.4
Nsig= 3.7%2.0

Events / 2 MeV
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<o 90% Confidence Belt for Chl & Ch2

BELLE

Confidence belt of ch1&ch2 BNV mode (2D fit)

(6)]
o

Belle MC, preliminary

Upper limit on the branching fraction is estimated from a
set a confidence belt obtained using frequentist method

H
o

Illlllllllll

Number of events obtained from fit

30 90% confidence belt:
201 The lower bounds are given by NS]Z; which 5% of the
E results are below this value.
101~ The upper bounds are given by st;f; which 5% of the
» results are above this value.
0..
_10_I L1l | L1 11 | L1 11 I | .| ] L1 11 L1 11 I 1 0fiupe § I | I |
0 5 10 15 20 25 30 35 40

Number of events generated
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<o 90% Confidence belt for Chl & Ch2

BELLE

0 signal event ensemble test (2D fit) 0 signal event ensemble test (1D fit)
Confidence belt of ch1&ch2 BNV mode (Red: 2D fit / Blue: 1D fit)

] mean =-0.9845+ 0.047| 50T mean = -0.1357 + 0.073
001 sigma = 2.769 + 0.034 i sigma = 2.271+ 0.052
= P 5
| Belle MC, prelimi S0 f g
50__ elle MC, preliminary : .
: 40

30

H
o

T 17T

Number of events obtained from fit

30
. — . e
20_—
10: e ----- | Small statistics in signal region make 2D fits fail often
0 : , : Data analysis strategy: start with a 1D fit
plrinaliess . If 1D fit shows a hint of signal, perform a 2D fit
0

5 10 15 20 25 30 35 40
Number of events generated
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o Estimate of Upper Limit Using Chl & Ch2

BELLE

Confidence belt of ch1&ch2 BNV mode (Red: 2D fit / Blue: 1D fit)

Fit result example: 0 signal events -> the upper limit of 2 events

Belle MC, preliminary

(&)
o

IIIIIII

H
o

The branching fraction of BNV mode for ch1&ch2 would be

T 171

w
o

— N,
B(B~ —Z\,) = =
( e ) NB*/B+ (1B + €2132)
where By = B(A, — pKg)B(Kg — W*W*)B(Eg_ﬁ =TT )B(ET = ArH)B(A — prt),
By =B(A, = pK'7n )B(Z) = =7 )B(Z" — Ax")B(A — prt),

n
o

!I!IIIIIIIIII

Number of events obtained from fit

L : €; and €, are reconstruction efficiencies for chl and ch2,
10 i i s Niig is the number of signal events obtained from fitting,
o Np-p+ is the number of B~ /B" mesons, 771 x 10° is used for this estimate.
O e e
_10_| 1 11 111 1 1111 | I | 1111 I | |

5 10 15 20 25 30 35 40
Number of events generated
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o Estimate of upper limit for Chl & Ch2

BELLE
Parameter Factor
1| BE —=tr) 1.43% Fit result example: O signal events -> the upper limit of 2 events
2 BE S AK ) | 1.45%
3| B(EY - pKtKtr) | 0.48%
1| B(A. > pKY | 1.59%
5| B(A; = pKtn) | 6.28% The branching fraction of BNV mode estimated using ch1&ch2 would be
6 B(K!— nv77) 69.2% v
7 B(A — prt) 63.9% _ =04y sig
8] BE S Ar) | 99.9% BB = =:A) = No-15-(€1 B + c2By)
Reconstruction efficiency where B'l = B(AL_ — ﬁK’g)B(Kg — 7T+7T_)B(§2 — E+7T_)B(E+ — KTT+)B(K — }l_')'?l_+),
Channel 1 9.22% By = B(A; = pK* 7 )B(E? — =1 )B(E" — Ar")B(A — prt),
Channel 2 7.56% €; and €, are reconstruction efficiencies for chl and ch2,
Channel 3 9.83% Niig 1s the number of signal events obtained from fitting,
Channel 4 8.12% Np-/p+ is the number of B~/B* mesons, 771 x 109 is used for this estimate.
Channel 5 8.15%
Channel 6 6.90%
— =0\ — 2
B(B™ = =Z.A.) = ,
(771.6 x 106) x (0.0143) x (0.999) x (0.639) x {9.22% x (0.0159) x (0.692) + 7.56% x (0.0628)}

—=4.93 x 107°
The upper limit on BNV mode’s branching fraction will be re-interpreted as the upper limit on oscillation rate.
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SV S mmary & Outlook

BELLE

Summary
 Presented a search for baryon number violation in B decay B~ Z2A¢
«  With MC study, we expect to have a 5 X 10~° sensitivity with Belle data

Outlook

* For Belle Il, with better vertex resolution, time-dependent oscillation
measurement should be possible, 10 times larger statistics would improve
sensitivity by the factor of at least 3
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Projection of integrated luminosity delivered by SuperKEKB to Belle I

@my  Integrated Luminosity (delivered)

5000 Integrated Luminosity (delivered)
o t . t | i %9 T 2021c 2022ab (51
r Nnario: extr Ion 800
arget scenario: extrapolatio 4000 ) P
from 2021 run including expected w» | 510
improvements 400 /—A/ 480 be
3000 200 = Base

0
21/10/1  21/11/30 22/1/30  22/4/1 22/6/1 22/8/1

: : 2000
Base scenario:conservative

extrapolation of SuperKEKB
parameters from 2021 run

1000

0
04/01/20 04/01/21 04/01/22 04/01/23 04/01/24 04/01/25 04/01/26

We start long shutdown 1 (LS1) from summer 2022 for 15 months to replace VXD.There will be other
maintenance/improvement works of machine and detector

We resume physics running from Fall 2023

A SuperKEKB International Taskforce (aiming to conclude in summer 2022) is discussing additional improvements
An LS2 for machine improvements could happen on the time frame of 2026-2027
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Belle ll

Higher sensitivity to decays with
photons and neutrinos (e.g.
B—Kvv, pv), inclusive decays,
time dependent CPV in B4, T
physics.

LHCb

Higher production rates for ultra
rare B, D, & K decays, access to all
b-hadron flavours (e.g. Av), high
boost for fast Bs oscillations.

Overlap in various key areas to
verify discoveries.

Upgrades

Most key channels will be stats.
limited (not theory or syst.).
LHCb scheduled major upgrades
during LS3 and LS4.

Belle Il formulating a 250 ab-
upgrade program post 2028.

arXiv: 1808.08865 (Physics case for LHCb upgrade Il), PTEP 2019 (2019) 12, 123CO0I (Belle Il Physics Book)

Beauty 2020

Belle II - LHCb Comparison

+ Important contributions on B and D flavour
physics from ATLAS, CMS, BESIII.

Current 2019 Belle II Belle II LHCb l.icllr I1 !‘H('h‘
Omernable Baber | LHCO  Gabh soay @smh I
¥ sin 2p/o1 (B— J/y Ks) 0.03 0.04 0.012 0.005 0.011 0.002 0.003
¥ vip: 13° 54° 4.7° 1.5° 1.5° 0.4° 0.4°
¥ oo 4 - 2 0.6° - 0.3°
¥ V| (Belle) or [Vusl/|Ver| (LHCb) 4.5% 6% 2% 1% 3% 1% 1%
s — 49 mrad - — 14 mrad } mrac
E Scp(B—n’ Ks, gluonic penguin) 0.08 o 0.03 0.015 o 0.007
¥ Acp(B—Ksn0) 0.15 = 0.07 0.04 = ).02
hysics in radiati EW Pen LF
¥ Scp(Ba—K* ) 0.32 o 0.11 0.035 o 0.015
¥ RB—K'IF) (1<¢2<6 GeV?/c?) 0.24 0.1 0.09 0.03 0.03 .01 0.01
¥ RB-D'w™) 6% 10% 3% 1.5% 3% 1% 1%
Br(B—1v), Br(B—K*w) 24%, — - 9%,25% 4%, 9% - 1.7%, 4%
Br(Ba—pp) - 90% - - 34% 0%
Charm and T
¥ Adcp(KK-mm) - 8.5x104 —  54x104  1.7x104 2x104  0.3x10
¥ Acp(Domno) 1.2% - 0.5% 0.2% - 0.1%
Br(t—ey) <120x109 - <40x10° <12x10° - <5x10°
Br(t—ppp) SRRl et <21x109 <46x10° <3x109  <3x109 <16x10° <03x10°  <5x10

Phillip URQUIJO

o Possible in similar channels, lower precision
— Not competitive.
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