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The Standard Model and beyond

SM mysteries motivate models of New Physics
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Two of the remaining big questions:

e What is dark matter?

GAUGE BOSONS

LEPTONS

*Why is the Universe matter-dominated?

What if we had a mechanism to simultaneously generate a baryon asymmetry,

AND produce an abundance of dark matter in the early universe?




Baryogenesis

- Sakharov

Any Baryogenesis mechanisim needs:

[ C and CP violation

[1 Baryoun uumber violation
[] Out-of-equilibrium tnteractions

Traditionally considered difficult to test for due to:
a) High temperature of early Universe

b) Lack of clear experimental signature
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B-Mesogenesis

« B-Mesogenesis = baryogenesis + dark matter from B-mesons [arXiv:1810.00880]

Out of equilibrium N . B-mesons decay into
jate time decay CP violating oscillations Dark Matter and hadrons
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B-Mesogenesis

Out of equilibrium . I B-mesons decay into
late tir:e decay CP violating oscillations Dark Matter and hadrons
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Any Baryogenesis mechanisim needs:
A Out-of-29uilibrium nteractions
V| C and CP violation

A Apparent baryon number violation
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B-Mesogenesis oot oldn  op v oeomoy B deony ko)

late time decay Dark Matter and hadrons
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» Baryon number conserving (AB = 0). b @@ ~ O sy
 Operates at very low temperatures | Trr~ 15MeV As. A5t Brif oyt b+ M)
(5 MeV < T < 30 MeV). [arXiv:1810.00880]
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late time decay Dark Matter and hadrons
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» Baryon number conserving (AB = 0). b 5152150 O oo
 Operates at very low temperatures | T~ 15MeV Agy A Br(B—y+B+M)
5 MeV < T < 30 MeV). [arXiv:1810.00880]
. . q
* Predicts decays B — v B M where y/is a dark Yg ~ 8.7 x 107 Br(B = 1‘(”)_7;3 + M) Zaq ASL
anti-baryon, and any number of light mesons can :
be in the final state. larXiv:2101.02706]
. 95% CL / . / i
e Inclusive Br(B — 1 BM) is directly related to the o _. §
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A small problem...

Operator which couples three quarks to y allows for decays of y to light anti-baryons
(would erase the baryon asymmetry as baryon number is conserved in this mechanism)

To avoid this, introduce dark-sector particles ¢, &, where we require  — @¢& rapidly in the
early Universe

Field || Spin | Qen | Baryon no. | Zo Mass ¢

P 0 0 0 1 |11 —100GeV
Y 0 |-1/3| -—2/3 1| O(TeV) Y’/
v || 1/2 ] 0 —1 1 O(GeV) -

. £ >

1/2 0 0 —1 O(GeV 0

3 / (GeV) B
¢ 0 0 —1 —1 O(GeV) >

[arXiv:1810.00830] 11



Kinematic limits on m,,

B — ¥ B requires: Proton stability requires:
My < Mp — My = 4.34 GeV . My > My — Me X 937.8 MeV

0.94 GeV < my < 4.34 GeV
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Kinematic limits on m,,

B — ¥ B requires: Proton stability requires:
My < Mp — My = 4.34 GeV . My > My — Me X 937.8 MeV

0.94 GeV < my < 4.34 GeV

Bounds from neutron stars suggest also

m,, > my, > 1.2 GeV

[arX1v:1802.08244]
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Previous searches at colliders

2
Yi;
Let = )i, Ouid; 372

 Four flavour combination
effective operators O ., O,

@Cd and @CS'

» Constraints from direct collider
searches only for O, ,and O, .

» Only one operator expected to
produce sizeable branching

fractions — we need to
explore the full set!

Operator Initial
and Decay State State (MeV)
B Y + n (udd) 4340.1
Ouda = Ybud B. Y + A (uds) 4251.2
b—Yud B Y + p (duu) 4341.0

By |+ Ac+ 7 (cdd)]2853.6

Oca =Y bcd Bs P+ Z9 (cds) 2895.0
b— Ypecd BT Y+ AL (dcu) |2992.9
Ay Y+ D 3754.7

By Y+ 2o (csd) | 2807.8

Ocs =Wbces Bs Y + Qe (css) 2671.7
b—cs BT Y+ 2T (csu) | 2810.4
Ay b+D" + K+ |3256.2

[arXiv:2101.02706]



Previous searches at colliders

0 0
Measurement of BT — y;,p Measurements of B — ypA
by BABAR by BABAR and Belle

[arXiv:2302.00208] [arXiv:2110.14086]
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Upper Limit of Br(B*—-yp + proton)

Ouq = (pb)(ud) 10-6 |
gédjﬁ)z;ix; Ois = (ypb)(us)  —e— Belle Experiment
ud — \¥D i .
____ BABAR Experiment ! O2. = (yps)(ub) BABAR Experiment
1.0 15 20 25 30 35 40 1.0 1.5 2.0 25 3.0 35 4.0

my, [GeV/c?]
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Full event reconstruction at Belle |l

* Events produced at fixed energy allows for the full reconstruction of events

* Can infer properties of “signal side” given that the “tag side” (generic decay
process) has been reconstructed correctly

* Full Event Interpretation (FEI) algorithm performs hierarchical event reconstruction

» Dark baryon
. leaves missing
' energy signature

Reconstructed In Reconstructed In
any hadronic sighal decay
decay mode — mode

“hadronic tagging

method”
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B-Mesogenesis at Belle |l

B decays through O}; = (1b)(u.d;) BT decays through 02'2_7' = (¢d;)(u;b) or O?j = (Yu;)(d;b)
. . | B h oo 55 (0 i) B O B 5 (0 )
B-Mesogenesis requires Br(B — ¢y BM) 2 107 ¢ - /7 ' 10°;/7, —
= - .
ST / //
sl - —
Based on Belle Il BT — K vp  [arXiv:2311.14647] 5" / ’ T
: , s |
Belle B — ha',a’ — 1nv analyses, estimate 3 ;//
sensitivity of Belle Il exclusive measurementas & 10—25/ 10°2;
BI' (B — ,‘p + Baryon) ~ 10—5 . 10—6 1.0 15 20 nfif[Ger,.o 35 4.0 1.0 15 20 Tr2b;1,5[GeV]3.0 35 4.0
[arXiv:2101.02706]

Ratio between exclusive and inclusive BFs > (1 — 10%)

This suggests that the B-Mesogenesis parameter space should be explorable via exclusive

searches at Belle |l
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AnaIYSIS plan Operator Initial Final AM
S and Decay State State (MeV) [T
. . By Y +n(udd) |4340.1
* Provide constraints across the full set Ous=vbud| B b+ A (uds) | 4251.2
of B-Mesogenesis operators by - b— ud
measuring six decays.
e Signal extraction by fitting momentum
of the signal-side SM baryon in the Bsig - Ous = Vbus B | &L= (uss) 140250
frame (exploit two-body kinematics). b—Yus BT Y+ X7 (uus) |4090.0
N 0]
* Interpretation: A ki St
By |¢Y 4+ Ac+ 7 (cdd)|2853.6
* Neutral B-Mesogenesis (covered in Oca = Vbed B, ¥+ =0 (cds) | 2895.0
previous slides) [arXiv:1810.00880] b— ed B+ b+ AT (dew) | 2992.9
— —0

o BC.+ -Mesogenesis [arXiv:2109.09751] A v+ ST T
By Y+ 2o (csd) [ 2807.8
* R-parity violating B-meson decays to Ocs =Y bes B. ¥+ Qe (css) | 2671.7
a baryon and light neutralino b—cs Bt Y+ 25 (esu) | 2810.4
[arXIV:2208.06421] Ay b+ D™+ Kt |3256.2

[arXiv:2101.02706] 18



Analysis plan

 Provide constraints across the full set

of B-Mesogenesis operators by
measuring six decays.

» Signal extraction by fitting momentum
of the signal-side SM baryon in the 5,
frame (exploit two-body kinematics).

* [nterpretation:

* Neutral B-Mesogenesis (covered in
previous slides) [arXiv:1810.00880]

« B-Mesogenesis [arXiv:2109.09751]

* R-parity violating B-meson decays to
a baryon and light neutralino
[arXiv:2208.06421]

BABAR

arX1v:2306.08490
arX1v:2302.00208

Belle

rXiv:2110.14086

Operator
and Decay

Initial
State

Oua = bbud

b—Yud

P+ Ac

¢+D°

7w~ (cdd)
Y + E¢ (cds)

2853.6
28905.0

3754.7

[arXiv:2101.02706]
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Signal simulation

e Produce 1 million signal events for 30 m,, from 1MeV/c? up to just
below the kinematic limit. Linear spacing in the momentum of the
signal-side SM baryon in the Bsig frame (what we will later fit)

Operator Decay AM (MeV /c?)
Oud BT — ¢Ypp 4341.0
Ous BT — ¢pXT 4090.0

B® = ¢pA 4164.0
Ocd BT — ¢pAT 2992.9
Ows BT = ¢p=r 2810.4
BY — ¢pEY 2807.8

20



Tag-side reconstruction

------------------------

* Reconstruct using hadronic FEI (skim)

* [ag side main selections:

------------------------

. |AE|=[E" —EF|<0.1GeV

beam

e M,.=+/E = [c*—pilc* > 5.24 GeV/c?

C beam

* FEI signal probability > 0.001 (from skim)
 Keep 3 best candidates ranked by FEI signal probability

21



Signal-side reconstruction

" " A *s D d

* Reconstruct S|gnal—s_|de : 5 Bt >y A N e
SM baryon and require Y(4S):"/ : DA AF L pKrt

a I Thal . + — ot

reconstructed mass g AR Ay = An-rtn

within 100 MeV of
nominal (PDG) mass

Use Belle Il stdL.ambdas:

BO — WDAO A —> p+71'_ ~ 64 % |
with vertex fit and selections
on reconstructed mass

Decay mode
: : =+ _y =0 +.0
 |f baryon is not final- = S
state-particle, perform =+ 5 Eopt
vertex fit, require fit
succeeds and update Decay mode

daughters B™ — WDZ_I_ >t - ptr’ ~50% =) — 2ttt
=0 — AK—wt
=) —» =t

« Reconstruct Bsig B T Ypp T pT already final-state particle

+ o+
— F o Fromstdrios with | 7 »P K
) rom stdHyperons EO From stdHyperons | ¢ efficiency 50% Particle ID > 0.6 and and |dr| < 0.5 cm and
= — An” ~100% =0 _, Az0 ~100% 20 _, vy |dz| < 2 cm and nCDCHits > 20 and

iINCDCAcceptance




Event selection

I _ Background .~ bBackground =
0.0 @] .
* Apply rectangular E ool ! .f
preselection at z | P
reconstruction stage to - M l l |
reduce size of dataset but 7 | &8 1 3
preserve some events for = | * : :
side band studies. £ | ' | |
5.24 5.25 Bi;gzszc [Gei}/zcz] 5.28 5.29 0 2 Roé o 6 8
_Signal Signal
The rest-of-event (ROE): _oof S A S
= —0.5} ’ : o
clean tracks and clusters | -0 O -
not taken into account by | E-1s| - :
the tag side or signal-side | & - = oy ! y
baryon % 2.5 0.5 . 0
-3.0 - 6 TETeT UV TU 09 TTeivT iieesaeere 1 oo @ . e L
5.24 5.250 5.26 5.27 5.28 5.29 0 1 2 3 4 5

Btag A’:[bc [GeV/Cz] ROE nclean tracks 23



Event selection

. Baclkgr'ound' _ Backaground

* Apply rectangular
preselection at
reconstruction stage to
reduce size of dataset but
preserve some events for
side band studies.

log10(FEI Signal Probability)

5.24 5.25 5.26 5.27 5.28 5.29 : 0 2 4 6 8
Btag A’Ibc [GeV/CZ] ROE Tclean tracks

The rest-of-event (ROE):

clean tracks and clusters

not taken into account by
the tag side or signal-side
baryon

log10(FEI Signal Probability)

5.24 5.250 5.26 5.27 5.28 5.29 0 1 2 3 4 5}
Btag A«[bc [GeV/Cz] ROE nclean tracks 24



[ ] | | | L L |
° 1.0 _ 10 fb-!
| I:] B()B()
- 0 B'"B~
08¢ N cc
© I B ss
S . . dd
S : o
~ 0.6 1 my, =0.001 GeV/c?
3 [ 1 my, =1.863 GeV/c?
o i 1 my, =2.503 GeV/c?
=) 04} 1 m,, =2.857 GeV/c?
Fg Bt 1 my, =2.991 GeV/c?
4o} L
&) i
‘I‘ ' ' ' ' | ' ' ' ' I ' ' ' ' ' ' ' ' | ' ! ' ! I ' ! ' 1.0 1e6 ' ' ' ' | ' ' ' ! I ' ! ' ’ | ! ' ' ' | :
g | I 10 fb~! ] ‘ 10 fb~! : _
H 1 B°B° - ' 1 B°B° ' , '
S 3 BB~ i 08; £ BB~ i . -2.0 -1.5 -1.0 -0.5 0.0
344 _- E‘SE_ T ! - zz__ - log10(FEI Signal Probability)
To) B dd [ B dJd |
g | -'U/E, : 8 _ -'U,’L_L __ 61Ie4': | | | | I L I
S 3 1 my, =0.001 GeV/c? - 2067 1 my, =0.001 GeV/c? | ; 10 f-1
: ‘ : mﬁ,D:1.863 GeV/C2 : ':9 i E m,;,Dzl.863 GeV/C2 ] — - E I:, BUBO
n 1 my, =2.503 GeV/c? | = . 1 my, =2.503 GeV/c® | w5k O BB _
3 2 - 1 my, =2.857 GeV/c* | © 0.4+ 1 my, =2.857 GeV/c? - :; [ Bl
%’ | , 1 my, =2.991 GeV/c? | © i 1 my, =2.991 GeV/c? 1 @t I ss 1
5 , h : ' v | C 4l R :
5.0 | ] ‘ ' g — R !
S1- . - 0.2 | T S | L 1 my, =0.001 GeV/c® |
| - j j S 3L 1 m,, =1.863 GeV/c?
| — ] . ﬁ . ~ [ 1 my, =2.503 GeV/c? ]
0 L . 3 | = 1 m,, =2.857 GeV/c?
0.0 0.5 1.0 1.5 2.0 2.5 0 1 2 3 4 S - 2 1 my, =2.991 GeV/c® |
ROE EECL [GeV] N cleantracks in ROE "8 ]
2
O

—_

2.200 2.225 2.2 0 2.275 2.300 2.325 2.350 2.375 2.400
Reconstructed M, - |GeV/c?]

0.001<=m<2.085 2.085<=m<2.734 2.734<=m<2.984 charged mixed uubar ddbar ssbar ccbar

Preselection 8.6e+04 8.2e+04 7.3e+04 3.3e+06 2e+06 76e+06 1.8e+06 1.3e+06 1.1e+07

ROE 7.jcantracks = 0 7.5e+04 7.2e+04 6.3e+04 5.3e+05 3.1e+05 1.5e+06 3.4e+05 2.1e+05 2e+06

By My > 5.27 6.9e+04 6.6e+04 5.8e+04 3.7e+05 2.1e+05 8.3e+05 2e+05 1.2e+05 1.1e+06

log 10(FEI Signal Probability)> —2.3 5.2e+04 4.9e+04 4.4e+04 19e+05 7.6e+04 3.6e+05 7.6e+04 4.8e+04 4.7e+05
ROE EZf* <1.5 5.1e+04 4.9e+04 4.4e+04 8.4e+04 3.2e+04 1.4e+05 3.1e+04 2.2e+04 1.8e+05

2.248 <=reconstructed M+ <= 2.324 3.7e+04 3.5e+04 3.1e+04  3e+04 11e+04 5e+04 1e+04 7.5e+03 6.2e+04
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Event selection (examples: B™ — y,A})

1e4d

*arbitrary signal scaling

Candidates / (0.09 GeV/c)
— = N N
o U O U

.
&

=
=

UL UNERE

500 fb 1 -
BB B}
BT B~ :
cC ]
SS —~
dd -
uUU i
M)y, = 0.001 GeV/C2 i}
my, = 1.863 GeV/c? -
my, =2.503 GeV/c* -
My, = 2.857 GeV/c?

My, = 2.991 GeV/c? :
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Background suppression e o ;

L Train background
40 | & Test background
L

Test B™ —v¢pA]

Boosted decision tree classifier using xgboost with |
hyperparameters tuned via hyperopt cross-validated 30}
procedure.

A.U.

20 |
Train model to classify a signal process vs all background |

orocesses (BTB~, BB, gg). One BDT for each signal
q9

10 f

channel.
o B
Typical set of continuum suppression features: 0‘“"“‘“‘”““‘“‘“““‘““‘“‘“““‘“‘“““‘—0,0 00 04 06 08 0
KSFW moments, Cleo Cones, thrust variables... BDT probability

Notable signal vs B background features (take inspiration from B* — K'vu analysis):

Eggf, quality of signal-side SM baryon vertex fit, number of clean tracks in the event, FEI signal

probability, invariant mass of signal-side SM baryon, sum of missing energy and momentum in CMS
frame

Optimise selection on BDT score by maximising Punzi figure-of-merit €/(c/2 + Nbg) for each signal process.



Best candidate selection and signal efficiency

Best candidates based on max FEI signal probabillity

0.0030 ——mmm™m™m8m———F——————————————————
35 | *arbitrary signal scaling 500 fb ! - : .
3 B'B’ : - .
i B+ B~ : 0.0025 - -
30 @ - ! |
5 % 5 &' 0.0020 | °,*° -
o 20 F z% E g : * o 'oo“’... ¢ :
= my, =0.001 GeV/e® 5 e ® %e0%, %00
= 20F my, =2.085 GeV/c? - @ 0.0015F -
5 15[ 1 m,, =2.734 GeV/c* E | |
O T My, =2.984 GeV/c? E% 0.0010 | :
10} - |
E } 0.0005 :
5} k | _
O : R B 0.0000 Y
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 0.0 0.5 1.0 1.5 2.0

B
B, sig
pA + [GeV/C] pA( GeV/C
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Signal fit

Signal unbinned fit to double Gaussian with
shared mean u, relative contribution of each
Gaussian f
_1(z=n)’ 1 — 1 (z=n)’
PDFSig(x) — f e 2 ( 01“) I ( f) e 2 ( 02#)
o1V 2T Oo\ 2T
ot = \/fo} + (1= f)o}.
5 ; By,
3 100 m, =2.183 GeV/e? -
S 1
o 80 . —
% 60:— ] ]
> 40 + + —
20:_ 1 + — " ---------------- ‘ AR N + } _:
O- ARt J+..-1 ! IR A = ‘}.‘-
— 5: o Co I T - I
E O;o“. oo ..'.0..‘."0’.0..0'0'.......0..00'.'00'.'3
-5 ll.l36l | .1.;8. | .114. | 11.4112' | 1.;,4' | 1.4|l6.

pij‘g [GeV/c]

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.00

B~ —>’¢"DAC+

-| === o fit ® o :
L | === o fit o

| === o fit Oeff

E SR

S S U SR A 41
R IPUT SURVUTEE S o

¥ | H;—--;-Hi i 3 44 + $ + +-ti'+‘*}'+ ‘
| PRZPE SRS XSS S o Fo X

_ .""'"“‘-;-ro-o-o-O-o.-o-..-.-.-‘LJ—.—;—.—‘-‘—--O-O-O
0.10‘ AO.IS‘ ‘1.10‘ - ‘1.15‘ o ‘2.10‘

pf;"* [GeV/c]

Parameterise fit parameters using Chebyshev

polynomials to allow for scan across full mass range.

Will need to account data/MC difference in resolution

by looking at control channel eg. BT — K™J/y



Background fit and peaking backgrounds

 Background will be modelled with KDE

Relevant two-body decays from PDG

Docay Branching fraction (PDG) o Wil v_eto windows corresponding to
B+ — A+E,(2645)° <79 x10-4 peaking backgrounds where the
B - ATE,(2790)° (1.1+0.4) x 108 number of expected events is
BT — AF=C (9.5 +2.3) x 10~ - N Aifi
Bt L NSk S oE o 10 considered significant.
Bt — AT=.(2930)° (1.74£0.5) x 1074 , ,
B+ s p+5,(2455)0 (3.0%0.7) x 105 . Neepl_ to consider If there are |
Bt - ptAt+t <1.4x1077 additional processes systematically
Bt — ptA° <1.38x107° to form a complete set.
Bt — pt3.(2800)° (2.7+£0.9) x 10~°
Bt — pt3,(2520)° < 3x10°6
Bt — pTA (2.4759) x 1077
Bt — pTA(1520) (3.1£0.6) x 107
BY — AAO <9.3x1077

BY — AA <3.2x%x10°7

30



Summary

e B-Mesogenesis is a mechanism proposed to explain dark matter abundance +
pbaryon asymmetry

e Belle Il should be able to fully explore the parameter space of (nheutral)
B-Mesogenesis

* This analysis will cover six decays across all four flavour-combination operators:
BY — ypp, BT — ypAl BT — ypEl BT — ypk, B® — ypA ano
BY - y/D_‘

e Can additionally provide constraints on RPV-SUSY decays of B to SM baryon
and light neutrino, and B."-Mesogenesis
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[arXiv:2101.02706]

+
B decays through O;; = (¥)(uid;) B™ decays through O;; = (1d;)(u;b) or (’)3 = (Yu;)(d;b)
Bt = p+ 1 (O = ¥bud) BT = Al + 9 (O = vbed) Bt 5 p+9 (0= ,/,bud) B+—>A++z/)(0=d)bcd)
Bt = Tt + 9 (O = ybus) Bt = Ef + 9 (O = 1bes) B+ — £* + 4 (O = vbus) Bt — EF + 9 (O = bes)

/

1.0 1.5 2.0 2.0 3.0 3.9 4.0 1.0 1.5 2.0 2.5 3.0 3.5 4.0
my, [GeV] My, [GeV]
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[arXiv:2101.02706]

0 [

B decays through O;; = (1b)(u;d;) B)) decays through O7, = (vd;)(u;b) or (93 = (Yu;)(d;b)
B) = n+1v (O = vybud) By = A} + 77 + 9 (O = tbed) BY 5 n+1 (0= 1/)bud) B°—)A++7r + 1 (O = 1bed)
BY — A° + 9 (O = tpbus) By — EX+ 9 (O = tbes) BY — A® + 9 (O = bus) BY — 20 4 ¢ (O = bes)

1.0 1.5 2.0 2.5 3.0 3.9 4.0 1.0 1.5 2.0 2.9 3.0 3.9 4.0
my, [GeV] my, [GeV]
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[arXiv:2208.06421]

B;” Mesogenesis

+

q 5 a

: o
q 39 @

Out of Thermal

Equilibrium CP Violation Yo = —Yn5

nr —Ng +
Yi = p B E aéPBrJ;j X E Brg+,
f B+

agp = Alp/ (1 T Aép) :
Br! . =Br (Bf - BT +f),

Bf —

BrS, =Br (Bt — ¢p + B").



[arXiv:2208.06421]

X1
/ N / /
b / /¢ / d /
p——L oL /s L 7 a/5
_ )\”3 2]3 ’]3
u/d u/d w/d

Figure 1. Parton-level diagrams for the decays B — B}, where B stands for one of the baryons
and \/, the correspondmg RPV coupling: p,n (for \{;3); A, X1, 39 (for \/55); AF, X1, XY (for

193
y S (for /\223)

213) and = —c



