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Introduction and Motivation

Standard Model is extremely successful

It describes and explains so much of what we observe in nature to
excruciating precision

BUT: There are still a few shortcomings of the Standard Model:

* We have no idea what Dark Matter is

« And absolutely no idea what Dark Energy is

« Can’t explain Baryon Asymmetry of the Universe (BAU)
* Origin of the Neutrino Mass?

* Hierarchy problem: Higgs mass is so low / fine-tuned

* No quantum theory of gravity
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Dark Matter

Compelling indirect evidence for Dark Matter

We have no idea what dark matter is or where it comes from.

No evidence for WIMPS, despite years of direct WIMP searches.
Could dark matter couple to ordinary matter via a new “dark force”?
Could there be a whole new “dark sector” of particles?

SDSS
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The Dark Sector

We still have no idea what Dark Matter is

* WIMPs - Weakly Interacting Massive Particles - had been a favoured dark
matter candidate, but never observed in many MANY searches: underground,
produced at accelerators and searches in space using satellites.

Ordinary Matter

so we turned to:

Dark Sector Models:

Dark Matter
27%

« Dark Matter could be not just one new particle,
particles from a whole new “dark sector” Derk Energy
» Dark sector particles could couple weakly to ordinary
SM particles
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Searches for the Dark Sector at BABAR

Distant past: BABAR (and other collider experiments) have conducted a
broad program to look for direct evidence of Dark Matter via the Dark Sector

No evidence for any dark sector particles in any of these searches ()

We set stringent limits on dark sector production

1. Dark Sector Higgs Boson PRL 108. 211801 (2012)
(Final State: 3 fermion-antifermion pairs)

2. Dark Photon to Lepton Pair _PRL 113, 201801 (2014)

(Final State: photon + lepton pair)

3. Dark Sector Muonic Dark Force PRD 94 011102(R) (2016)
(Final State: 2 lepton pairs)

4. Invisible Decays of Dark Photon PRL 119, 131804 (2017)

(Final State: one single photon)
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1. No solution yet to the Dark Matter problem
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Baryogenesis

Andrei Sakharov: conditions for baryogenesis /
cosmological formation of matter-antimatter
asym metry: A.D. Sakharov, JETP Lett. 5, 24 (1967)

» Absence of thermal equilibrium
« Baryon number violation
« CP violation

These conditions are all compatible with Standard Model, but don’t
accommodate the required level of baryogenesis to explain the BAU.

Primordial matter-antimatter asymmetry measurements come from Big Bang
Nucleosynthesis and Cosmic Microwave Background measurements
give an asymmetry much too small to explain BAU

Need new mechanisms to explain the observed level of BAU.
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2. No solution yet to the baryogenesis problem
(not enough primordial matter-antimatter asymmetry)
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Baryogenesis and Dark Matter

Could there be ONE solution to these two problems in Standard Model?

B-mesogenesis is a mechanism of baryogenesis which simultaneously
explains the baryon asymmetry of the universe AND the existence and
formation of dark matter

We have models with mechanisms to simultaneously generate a baryon
asymmetry, AND produce an abundance of dark matter in early universe:

Baryogenesis and dark matter from B mesons
Gilly Elor, Miguel Escudero, Ann E. Nelson Phys. Rev. D 99, 035031 (2019)

And the experimenter’s guide:

Collider signals of baryogenesis and dark matter from B mesons:

A roadmap to discovery
Gonzalo Alonso-Alvarez, Gilly Elor, Miguel Escudero Phys. Rev. D 104, 035028 (2021)
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B -
Baryogenesis and Dark Matter from B-meson decay

Mesogenesis.

This model has non-SM dark-sector baryons and anti-baryons

* in early universe, a long-lived particle produces b and b quarks

» they hadronize into B and B mesons, and undergo CP violating oscillations

 B/B mesons then decay into SM particles AND dark sector particles

Qm ~ 20 MeV

Out of equilibrium CP violating oscillations B-mesons decay into \ r \
late time decay viotafing oscitiations Dark Matter and hadrons Baryogenesis
b @ e Dark Matter Yp =87 x 10"
0 / @ anti-Baryon
-------- - 1] ~0 :
' 000 0 -
Dark Matter
d s
A(’é’ Aee

BR(B — ¢¢ + Baryon + )

Elon. Escudero. Nelson. PRD 99 035031 f

CPV in B-mixing --> charge asymmetry in B SL decays
which limits Br of inclusive B decay into dark sector baryon
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B - Mesogenesis.:
Baryogenesis and Dark Matter from B-meson decay

The Standard Model B mesons then decay :

* a Standard Model baryon (‘B)
- a dark sector baryon (o)

* additional Standard Model meson(s) (‘M)
B — l,bD + B+ ‘M

The dark sector baryon is undetected - dark matter

The CP violation from B® — B® oscillations generates the
matter-antimatter asymmetry

Due to the CP violation, B — 1o + B+ ‘M

dominates slightly over B — 9o + ‘B + ‘M decays

Yields excess of baryons in our sector, excess of anti-baryons in dark sector
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B - Mesogenesis.:
Baryogenesis and Dark Matter from B-meson decay

This model yields:
excess of baryons in our visible sector,
excess of anti-baryons in dark sector

Baryon number within universe is conserved, net excess of baryons in
our visible sector.

B—>¢D+B+ ‘M

The dark sector baryon, ¢D, decays into other stable dark sector particles
Kinematics requires the ) mass to be in the 0.94 - 4.34 GeV range.

BUT: Bounds on incusivel b decays with missing energy, plus searches by LHC on colour-triplet
scalars, plus dark matter stability require the mass to be in 0.94 -3.9GeV range

This model requires a large inclusive branching fraction

for B—1p + B+ M

Br > 104, and depends on semileptonic asymmetries A;lis
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Testable Experimental Signals

(Collider Signals of Baryogenesis and Dark Matter from B Mesons (B Mesogenesis)J

Direct Signals Indirect Signals
f N ( )
Belle Il
Semileptonic asymmetry: A%L > 104 LHCb B°-meson CPV and oscillation observables: LHCb
. ATLAS ; Belle Il
d,s
CcMS 5 AMgs Alg A;I:’nL'gS
- @ BABAR
New B-meson decay: e Belle
~ @ BLT-:lgb" New TeV-scale color-triplet scalar, Y
-4 q P
Br>10 v Y ATLAS
o @ LHCb || = e . CMS
New b baryon decay: @ ATLAS??
Y q q
L - J U y

Alonso-Alvarex, Elor, Escudero, PRD 104 035028 (2021)
Due to the large inclusive branching ratio, this is experimentally testable !
With BABAR detector, we searched for:

BY > A +
Y Very distinct signature: Baryon + missing energy
+ - :
BT — p+yp Similar to SUSY signatures / searches

and in progress : BT — Al +y,
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Testable Expe ri mental Sig naIS Operator and decay Initial state Final state AM (MeV)

Oua = wbud B, w + n(udd) 4340.1
. b ud B, w + Aluds) 4251.2
With BABAR we have searched for: v B vt pldun)  43410]
Ap W+ n° 5484.5
BY > A +
¥p ( _ i d) Oy = whus | By w + A(usd) 4164.0 |
+ cc implie b — yus B, w + Z0(uss) 4025.0
BT — P + YD B* w + = (uus) 4090.0
: A 7+ K° 5121.9
. R+ + — b v+
and 1n progress : BT — A
p g C T+ l/jD 0.4 = whbed By w+ A+ (cdd) 2853.6|
T . . .. b - wcd By w + Z0(cds) 2895.0
Very distinct signature: Baryon + missing energy v B v+ Ar(deu)  2992.9
A, 7 + D° 3754.7
O, =wbcs B, W+ E‘(g(c.s'd) 2807.8
AIonso-AIvarez Ellor Escudero I.ths R<.3v D.104 035028 (2021) b — wes B, w +Q,(css) 2671.7
95% C.L. . B* w+ Ef (csu) 2810.4
1072¢ o A, w+D + K" 3256.2
- g Alonso-Alvarez, Elor, Escudero Phys. Rev. D 104, 035028 (2021)
: DX
: 81 The type of baryon produced depends on the
o : - o | operator mediating the interaction, leading to a variety
< - . C .
I 10-3} : i © of final states.
- T
: - 21 Probe all channels - any one of these 4 operators could
P L Cé’v | be the one responsible for B mesogenesis
P 5 5 =
e - : 38| Belle/Belle Il have also conducted dark sector
10-4 Lo R R searches.
1076 1073 1072
Together, Babar, Belle || + LHCb, ATLAS, CMS can test
i the entire parameter space of B-mesogenesis =
Contours: minimum Br (B — ¥p B ‘M N
as a function of semileptonic asymmetries \ A
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Testable Experimental Signals B-Meson Decays: ¢\ 1inits on

operators:
To fully test this model, must examine d R -
all 4 operators: Bo . O,
b —<—<;::;‘/ b— Ypus
Definitive test <
, . Br(B = wBM) Al " > “
Yp~8.7x 10~! _ o, ==, 5* u
R 1073 Z S0~ b : ’7/ p @ucl

Y is the baryon asymmetry of the universe (BAU)

. . Yp = dark fermion;
and is measured by Planck: \

Y, = (8.718 £0.004) x 10~!! Astron.Astrophys 641, A6 (2020)

Sophie Middleton, April 2024 APS talk

AgL are the semileptonic asymmetries in neutral Bc(]) decays
dq is bounded by the dependence on the mass and lifetime of the field coupled
to the initial bb

Measured limits can be interpreted as constraints on these O operators

Also simplified by flavour constraints which imply that only one of these operators can be
active in the early universe, one dominates (eg not a combination of the operators)
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https://www.aanda.org/articles/aa/pdf/2020/09/aa33910-18.pdf

: at SLAC
Babar Experiment

432 fb-' 4.7x108 B B
Y (4S) threshold

Damping

L ——
= Injecuﬁ‘ 2 " -

< I
Ls...\Sta(ionA
4”/

Electromagnetic Calorimeter
6580 CsI crystals
e+ ID, = and v reco

=N Instrumented Flux Return
1 19 layers of RPCs (LSTs)
wand K_ID

i
T

Cherenkov Detector
(DIRC) ‘

144 quartz bars

Asymmetric e*e- collider
K,= separation 4 ' . ‘, , .'iuGeV]

Primary goals: B physics,
CP physics
Expt run: 1999-2008

Drift Chamber
40 layers
.| Tracking + dE/dx

Silicon Vertex Kk, Y Stopped data taking 16
5 Iay:rr:%';::’mble 555:5:- ~¥3 Years ago, still publishing
sided silicon strips “ ¥ IS) VY

AUPP=R  new analyses!
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BABAR Analysis

Produce B mesons: ete”™ — Y(4S) - BB

Tag B fully reconstructed B-meson in Standard Model decay channel
Signal B possible signal, search for missing mass

Yp

signal dark baryon
SM recoils against B tag

a;z)/ S & SM baryon

%
%
2

Sophie Middleton, April 2024 APS talk

Reconstructed B-tag: -100 MeV < AE <100 MeV and 5.2 GeV < mgs < 5.3 GeV

AE = E* — E¥* (CMS beam energy - recon B-tag energy)

beam tag

Mgg = \/ EZezam — 13’;2(%, (beam energy substituted mass)
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Signal and Monte Carlo simulated backgrounds

Standard Model Backgrounds:
qq, u,d,s,c were modelled using JETSET

BB modelled using EvtGen

Signal:
EvtGen used to generate 8 signal masses separately for p and A:
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0and 4.2 GeV

Analysis Method:

« MC simulated samples passed through full reconstruction with

efficiency and resolution determined from fits to MC,;

* Functional forms of fit used to extract resolution and efficiency for any given
Yp mass scan across entire mass range.

Yields determined via data-driven Poisson counting method.
Background & signal region defined from study of background and signal MC simulations.

Janis McKenna Beach Conference, June 2024 19


janis
Typewritten Text
_


Event selection

Additional channel-dependent selection criteria

Forthe B — 1o p channel: y‘\<

- BABAR proton PID can be used to identify proton candidate; WYom
- signal side must have + charge and only one charged particle

Forthe B — o /A channel: R’

- one A candidate in the B-signal, A — p 7; ol e Z A
* two charged tracks required on the signal side; Y <

- significance of the A decay length (flight length/a > 1.0) You

» four-momentum kinematic fit Y2 of A reconstruction <100
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Event selection

Entries per 0.01

For both cases further signal and
background separation found

using a Boosted Decision Tree custom to
each channel.

« p cut at vsepr> 0.95 - signal purity > 99 % Z’
A cut at vepr> 0.75 — signal purity > 99 % 3

(discrepancy in simulation corrected
using sideband)
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BDT MVA inputs for B+ — 3o p

 cosine of the thrust vector
* the ratio of the second to zeroth Fox-Wolfram moment for all tracks and neutral clusters

TAG SIDE:

- the hadronic decay channel of B-meson tag & purity

- i : — % _ %
« CMS beam energy minus reconstructed B-tag energy: AE Ebeam Emg

e _ ) =)
. B-meson tag mass distribution: mg¢ = \/Ebeam — Prag

* the B-tag thrust magnitude (thrust axis defined as the axis which maximizes the longitudinal
momenta of all the particles for B-tag reconstruction)

SIGNAL SIDE:

- total extra neutral energy on signal side in CM frame
* number of neutral particles in the signal side
- the number of 70 candidates on the signal side

* the polar angle of the missing momentum vector recoiling against the B-tag
meson and the signal candidate
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BDT MVA inputs for B0 — ¢» A

* The significance of the A decay length
* The 2 of the A fit
* Energy and momentum of A lab frame

* Momentum vector of signal B

 cosine of the thrust vector
* the ratio of the second to zeroth Fox-Wolfram moment for all tracks and neutral clusters

TAG SIDE:

* the hadronic decay channel of B-meson tag & purity
« CMS beam energy minus reconstructed B-tag energy: AE = E* — E*

beam tag

o _ #2 )
. B-meson tag mass distribution: mg¢ = \/ Eym— Prag

- the B-tag thrust magnitude (thrust axis defined as the axis which maximizes the
longitudinal momenta of all the particles for B-tag reconstruction)

SIGNAL SIDE:

- total extra neutral energy on signal side in CM frame
* number of neutral particles in the signal side
* the number of 7" candidates on the signal side
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Extracting Final Results

Reconstruct ¥p from missing energy 4-vector on signal side
« Scan across mass range, with step size equivalent to ¢ at that mass
* Extract resolution (o) and efficiency (emc) from fits to MC

* émc signal ranges

For A:
emc = 5.9x10-4 for Yp = 1GeV and 2.1x104 for p = 4.2GeV

For p:
emc =1.5x10-3 for p = 1GeV and 6x10-3 for Yp = 4.2GeV
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Extracting Final Results

« reconstruct ¥p from missing energy 4-vector on signal side

e SCan across mass range with step size equivalent to ¢ at that mass;
« extract resolution (o) and efficiency (gmc) from fits to MC;
« estimate signal and backgrounds in data using definitions from MC

study

Obtain upper limits on Beyond SM branching fractions:

70x10-4
) i — —— 0.22-10 %=y _ 19110
8 [ % l\ +10 emmor band
- 3 0.10 —\\ ¥  mass resolution from signal MC
= L
4 \\ —
6.0x10 F ST SRR SR . . L %
L S~o T~ r \\
I - - —— o 0.081-
\\ -
o ~
50x10-4 N \i L
L ~ L
\
\ 0.06 |-
3 SER
b \ L
; o \
40x101 N [
\ 0.04
W :
\\ 3 ™
| \\\ L
30x10-4H== (-0.02m3_ +0.12m3_ —0.19m, +065) x 10-* \ L ~.
[[== 106 x (~0.02m3,, +0.12m3,, —0.19my,, + 0.65) x 10~ i 0.021- ~Sle
[| ® wmcEM wo comection 2 Th-——
L & MCEN w/ comection: 1.06 +0.08 \ R A Y A S -
9 X O S S SN S SN S N S S S S SN S S S S S S S S S S S S T L s s a1y
2010755 1.0 L5 20 2.5 30 35 4.0 0.00 '1'0' . 1'5' 20 2% 1'0 ',"J TR
My, [GeV/C ] my [GeV/CI]
o
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Final Results

w
3]

[ odata —Signal
C —88 8% -»- data
% 3:_ o —uds Yot
% 255_ B uti,dd,ss
Reln P
s ¢ BABAR MBB
= - == signal
‘2 1.5H
o) L
> o
L# 1:4 1] ] Y X1} L
0.5 I f ”
. |
O— sl 1L4An/j111\ﬂ.~1 e
T Y 0 05 1 15 2 25 3 35 4 45 5

m, [GeV/c?] m_... [GeV/c?

0 +
B° - ¢Yp + A B™ - ¢yp+p
In both channels, absence of signal allows us to set upper limit on branching ratios.

Search for Evidence of Baryogenesis and Dark Matter in B¥—1,+p Decays at BABAR PRL 131 201801 (2023)

Search for B mesogenesis at BaBar PRD 107 092001 (2023)
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Final Babar Results/Limits

-4y

[
9
&

— 104

et
Q
v

Upper Limit of Br{B®=ypA
S

Upper Limit of Br(B*-yp + proton)

10-° 1078 Ok = (9ob)ud)
e R | -
03: = (Wpu)(sb) T (this work) _ mgn:oelzjwnmenr
1.0 15 2.0 25 30 35 4.0 1.0 15 20 25 30 35 40
mg, [GeV/c?] My, [GeV/c?]

Phys.Rev.D 107 (2023) 9, 092001 Phys.Rev.Lett. 131 (2023) 20, 201801

we exclude most of the parameter space for 2 of the operators

Search for Evidence of Baryogenesis and Dark Matter in B¥—1,+p Decays at BABAR PRL 131 201801 (2023)

Search for B mesogenesis at BABAR PRD 107 092001 (2023)
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Results

B - Mesogenesis parameter space is vastly reduced.
almost excluded for some operators

Need to examine other operators to fully exclude this B mesogenesis model

Because these analyses are essentially looking for missing mass in the final
state, this search can be applied to any such model (eg SUSY)

Extended search to provide first limit on RPV SUSY model described in
JHEP 2023 (02 224 (2023)).Dib et al

4ex0— " 108

E m BABAR Experiment (0% C.L.)

Asrg/mi(Gev-?)

O, 10%

s N\ /
R 3 T R S \ 1
VAT Ry, W

10 115 2.0 2.5 3 0 lls aln 0.5 1 :0 1 :5 2:0 2.'5 3:0 3.'5 4:0
1.0 [GeV ] my,(GeVic?)

JHEP 02 (2023) 224 Phys.Rev.Lett. 131 (2023) 20, 201801
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Summary and Conclusions

« Babar has conducted a search for signatures in a model %
which explains both dark matter and baryogenesis.

* Improved limits on BY — ¢)p /A

N .
N

* First direct limitson B+ — 1o p .

* Upcoming Babar analysis with B+ — 1) AcT

* Results can be applied to other missing mass in final state models

You can mine your data for years when you have hundreds of millions of B’s!

(-
Z7

(D
Zr
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