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Beyond the Standard Model

The Standard Model (SM) is capable of successfully describing nature to good
precision.

However, several outstanding issues which must be
—— further explored:

> Baryon Asymmetry in the Universe (BAU);

> Nature of Dark Matter;

> Existence of Dark Energy;

> Origins of Neutrino Mass;

> Fine Tuning Requirements (e.g. Higgs mass);
> Gravity at the Quantum Scale.

antunatter
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The Dark Sector

gportal = Z @SM X @DS

Portal Example Mediators Symbols

- Dark/hidden sector particles that do not couple to the SM, but interact via a mediator
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Dark Matter & the Dark Sector
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= B-factories provided some of the tightest constraints on the dark I
and hidden sectors: [ AP “m o™

- clean environment, : — i
= excellent particle ID,
= hermetic detector coverage,
= fully reconstruct final state of other B-meson,
= precise reconstruction of missing energy,

= making them excellent facilities for search for dark sector particles.
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The BABAR Experiment

For overview of experiment: Nucl. Instrum. Meth. A 729, 615 (2013).

i

tex detector

Asymmetric et e~ collider with Vs = 10.58 GeV/c? i.e. Y(4S) resonance:
9 GeV electrons collide with 3 GeV positrons.

Total luminosity: 431 fb'1 (4.7 x 102 BB) on peak.

7 Still new results in 2025!!!
z BaBar
2 500  PEP Il Delivered Luminosity Eﬁ?,ﬁ: e o A R
ol Oreeniomeony siist - Reconstruct tracks: Silicon Vertex Tracker (SVT) + 40-layer Drift Chamber (DCH), in 1.5-T
.§' F oot ] solenoid.
Y et : - Momentum resolution = 0.47% at 1 GeV/c
- 1 = Measure energy: Electromagnetic Calorimeter (EMC)
200 . = Energy resolution = 3% at 1 GeV.
C 1 = PID:
Ll - |dentify charged pions, kaons and electrons using Ring Imaging Cherenkov
- T detector (DIRC) + ionization loss measurements in the SVT and DCH.
o et L (DIRC)

TG T = Instrumented flux return of solenoid used to identify muons.

C
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N e W P h yS | C S | n B - D e C a y S ? B-factories and ideal place to explore!

Model-independent searches for missing energy in B decays setting new limits on new physics go ° > d

models: PRL 131 (2023) 20, 201801, PRD 107 (2023) 9, 092001, PRD 111 (2025) 3, L031101 B

Dark Matter: < i
= Missing mass could be dark-sector baryon (¥, ) or some other invisible new physics. ‘
- 1p decay into stable dark sector particles producing the relic abundance we see today.
u > u
Several models of B-Mesogenesis which also explain BAU e.g.: B - u P
- CP violation from B® — BPoscillations generates a matter-antimatter asymmetry. Y 4
- B? decays slightly dominate over BY decays into anti-baryons, same for DM-anti-DM. (
= Visible and dark sectors have equal but opposite asymmetries -> baryon number conserved. .
[ Baryogenesis and Dark Matter from B Mesons: B Mesogenesis J u 5 u
! o;tt-: :}:‘e":iezg‘;m CP-violating oscillations DaB,'km,ﬁ:;:f ::: ?,‘;L':?ns A
) @ @ - Ber)f:hmark model
. <b I I 9 _~ & @nivaon) | (sensitive to others too)
b e@ \ @ Baryon Phys. Rev. D 99, 035031 (2019).
@ = heavy scalar field;
T ~ 15 MeV Agy, A Br(B — ¢+ B+ M) Y = dark sector particle;

Y = TeV scale mediator;

\_ ), Phys. Rev. D 104, 035028 (2021).
Ca I teCh Searches for New Physics Using High Intensity Lepton Beams



B-Mesogenesis and Dark Matter

= Kinematic constraints require that the ¥, mass lies between 0.94 — 4.34 GeV/c?

- Need to explore channels which have access to all operators O; ; = (Yp b) (q;q;) (i =u,cand j =d,s);

= Flavor constraints imply only one operator active in the early universe, one dominates, not a combination of operators.

Operators AM (MeV/c?) BABar Results
Oys 4163.95

B Yp +p 4341.05
Bt p + AL 0.4 2992.86
Bt Yp + EF O 2810.36

*Other modes probe same operators but lower endpoints
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Event Reconstruction & Pre-selection

Hadronic recoil tagging method used to reconstruct event.
= B-tag = Fully reconstructed Standard Model decay mode;
= B-sig = Potential for signal, search here for missing mass.

Yp

B-tag selection criteria:

—0.2GeV < AF < 0.2GeV, &
| %
|5.2GeV/c2 < mps < 5.3GeV/c, I %

centre-of-mass energy within range of the CM beam energy: AE = Epeam — EB,,,

9 SM B-sig selection criteria is
Baryon channel dependent (see later)

398fb! used, remainder
is used to tune analysis

398 fb! used in final analysis prior to unblinding

energy substituted mass in range close to B mass: Mmgs = \/E{:’ —PB
eam tag
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Method

qq (modelled using JETSET);
BB (modelled using EvtGen).

Simulate events for 8 signal mass hypotheses for each channel.

Pass through Geant4 model of BABAR, digitization model and standard
reconstruction. Uses real conditions information and beam bkg.

Use MC to determine signal selection cuts (and background control regions);
Derive selection efficiency (&) for 8 possible masses;

Determine signal resolution (o) for 8 possible masses;

Fit functional forms of fit to 8 points, interpolate for any given 1 mass;
Scan across data samples in missing mass - step size dependent on o.

Perform profile likelihood fit to determine upper limits on branching rates to BSM channels for given mass.

——— @O




Signhal Selections

BT - II)D +Pp (Oud ):
BABAR proton PID algorithms can be used to identify proton candidate;

signal side must have + charge and only one charged particle.

B® - lI}D + A (Ous ):
one A candidate in the B-sig;
A — pr~ selected, so two charged tracks required on the signal side;
Use PID to select the proton and pion candidate;
significance of the A decay length (a,) > 1.0;
four-momentum kinematic fit x2 of A reconstruction <100.

—

B* - lI}D + A:(Ocd ):
one A candidate in the B-sig;
At - pK~nt selected, so three charged tracks required on the signal side;
Must pass high quality charged tracks plus PID requirements for kaon and proton.




Further Selections

Further signal and background separation found using a Boosted Decision Tree custom to each channel.

;

Bo—)ll)D‘l‘/l

—e— data

Require vgpr > 0.75
Provide signal purity > 99%
41 events pass

Caltc

10° —e— data
o R cc
104 Bt _ 100
: - ut,dd,ss
10°l - ( B B0 80
Bl cE

10? - signal
10

1

-1 -08 -06 04 -02 0 02 04 06 038 I1

Require vgpr > 0.95
Provides signal purity > 99%
47 events pass
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Method: Further Selections

Further signal and background separation found using a Boosted Decision Tree custom to each channel.

® Data
e’e - q7 (q=uds) :
|:| e‘e" = cC

-1 -0.99998 -0.99995 -0.99993

Caltech

" 0.96 097 098 0.99

Require vgpr > 0.99
Signal Purity > 99%
0 events pass!

New Result!
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Final Analysis

Final analysis proceeds by:

= reconstructing Y from missing energy 4-vector on signal side;

= scanning across mass range, with step size equivalent to o at that mass;

- extracting resolution (o) and efficiency (&;¢) from fits to MC;

- estimating signal and backgrounds in data using definitions from MC study.

Profile likelihood method is then used to obtain upper limits on BSM branching fractions.

7.0x10-4
. N . L —_——0.22-10"%%=ep _191.10~¢
g EYR B <10 eror band
i 30.10-\ ¥ mass resolution from signal MC
6.0x10-4FE S - | ‘x .
o N L\ Resolution
i 0.08} \
- B \\
a4l b L
5.0x10-4F ~ [ \\
\ 0.06 -
I ?u\
- \ -
40x10-41 A I N
i \ 0.04 - N
. \ i .
Efficiency N . .
3.0x10-4[{== (~0.02m3_ +0.12m3 —0.19m, + 0.65) x 10 \ ok ‘*\\~
[|—— 1.06x (~0.02m},, +0.12m3,, —0.19my,, + 0.65) x 10~ I e
[| ® McEn. wio correction “"‘~~-
| & McC Efr. w/ correction: 1.06 +0.08 - B e
4 V0 [ e s s s e s e PR | PR Do bt e e e e
. 0.5 1.0 1.5 20 2.5 3.0 35 4.0 1.0 15 2.0 25 30 35 4.0
m,,, [GeV/ic?] m,,, [GeV/c?]

Caltech

3.5 -o- data

- cC

C [ uu,dd,ss
250 @B
WeE’

- signal

15

05

BO—)IIJD+/1

41 events
pass all cuts

'01 TTTTTTTTTITTTTTTTT T

-e-data
5p  cc

B ut,dd,ss
4F BB
BEE’
- signal

4 L 1
N 1l I!II Ih
3

35
My,

47 events
pass all cuts

4
[GeV/e?]

500

400!

300

2001

100
5 2 25 3 35 4 45 5
m, [GeV/c?]

Muie® = \[(Eg, — E3)? = |Bg,, — Py e

Dark Matter and Baryogenesis at BABAR — Sophie Middleton — smidd@caltech.edu

13



R | Parameter space vastly reduced, almost excluded for some operators.
e S U tS Final operator must be probed to fully explore this model.
I

- World-leading result for B® - 1, + 4 (0, ), improving on previous result and further constraining model;

- First direct search for B* - ¥, + p (0,4 ) and B - ¥, + At (0,4 ) place tight constraints on specified model;
- Remaining analysis to probe fourth operator O_;.

B~ Yo + B = o+

% 1074 : = 1074 o 10-3
: S <
= [=)
i S 3
2 F !
+
= g 2
G 1075 T 107> m
" I 5
E = =
- - € 10
P Y ——
§ o Oud - ) d
ES 5 c
oD 10_5 | Ous g 10—6 i 0Ly = (ypb)(ud) %
O}s = (yob)(us)  —e— Belle Experiment . 024 = (wpd)(ub) =2 oL, = (upb)(cd) BABAR Experiment
2, = (yos)(ub) _____ BABAR Experiment 8_ O3, = (ypu)(db) 107° 4 cd = (Wpb)(C ~— (this work)
075 = (you)(sb) et hany o BABAR Experiment 02, = (ypc)(bd)
PP B s ]U‘S T T O S S S I S S S S S B S S > —__ (thiswork) 02d= (wpd)(bc)
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Phys.Rev.D 107 (2023) 9, 092001 Phys.Rev.Lett. 131 (2023) 20, 201801 Phys.Rev.D 111 (2025) 3, L031101

New Result!
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Another model i,

u/é £
Given that all we are looking for is missing mass in the final state, we could apply our search to b N u/c
any such model:
y u/d

Our results provide first limit on RPV SUSY model described in JHEP 2023 (02 224 (2023)).

u/c
0_, 5 B* - yo +
B> xp+4 Xo+P / X1
4.x10°° T T T 105 : . T T T T ——] -~ (ILg
3 - —— BABAR Experiment (90% C.L.) . b L -- - [ d / s
% - i ’\iﬁ!
— 3.x10°%} 1 g L | =
L : u/d
%
O, 1076
o 2.x10°%} H E f
= - ]
] =0
:’<E B 7 XI
1.x10°6 - 1 L J
u/c
107 =
o N N 1 1 " 1 " 1 ~ N N N N N N N E — 5.
L 15 =8 28 =0 st 0 05 10 15 20 25 30 35 40 e —— - d
, b " 8
mgo [GeV] my,(GeVic?) ’\ij3
u/d

JHEP 02 (2023) 224 (Dib et al) Phys.Rev.Lett. 131 (2023) 20, 201801
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Summary

Results presented in search for model explaining DM + BAU:
Used 398 fb! of BB data (4e108 BB pairs)
Scanning method allowed improved limits on B® = 1, + A channel;
First direct limits for BY — ¢, + p channel and BT ¢, + Af;
Large amounts of parameter space reduced, model not fully excluded until all operators are explored;
Results applied to SUSY model, providing first direct constraints on that model too;
Results can also apply to other models with missing energy in final state e.g. those invoking charged B-Mesogenesis (Phys Rev. D 105,
055024 Elahi et al) or others (https://arxiv.org/abs/2412.14947 Lenz et al).

Final thought:
BABAR still publishing many world-leading results after all these years:
https://inspirehep.net/experiments/1108553?ui-citation-summary=true
Many other talks at this conference.

Thank You for Listening,
Any Questions?
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Back-up

Extra things which didn’t fit



BDT Features (BT —» ¢Yp + A7)

= In order to further improve signal and background separation a BDT was developed and a cut made at post-selection

= The features which are used as input were chosen carefully, the list may be modified as | move forward:
Recoil B Features Signal B* Features
Decay mode - the hadronic decay channel of B meson decay. npi0— number of pions on signal side

B.. Purity - the fraction of B,,, mesons that are correctly reconstructed fora  x2- of the fit applied to the A+ candidate
given decay mode.

AE - the difference of beam energy and the reconstructed B, energy. Nyeut — NUMber of neutral particles in the signal side
Mg - recoil B meson mass distribution m,x— the invariant mass of the A+ candidate
Thrust, ThrustZ - The B,,, thrust axis is defined as the axis which maximizes E... - The total extra neutral energy

the longitudinal momenta of all the particle for B,,, reconstruction. on the signal side in the center-of-mass frame
Plus:

r2All - the ratio of the second to zeroth Fox-Wolfram moment for all tracks and neutral clusters
cosT - the cosine of the thrust vector
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BDT Features (BT = ¢Yp + p)

= In order to further improve signal and background separation a BDT was developed and a cut made at post-selection

= The features which are used as input were chosen carefully, the list may be modified as | move forward:

Recoil B- Features Signal B* Features

Decay mode - the hadronic decay channel of B meson decay. signPiZ— number of pions on signal side

B.. Purity - the fraction of B,,, mesons that are correctly reconstructed for a SBQtot — total charge in the signal side
given decay mode.

AE - the difference of beam energy and the reconstructed B,,, energy. SBNNeut — number of neutral particles in the signal side
Mg - recoil B meson mass distribution sigMissCosTheta— cosine of the missing momentum
Thrust, ThrustZ - The B,,, thrust axis is defined as the axis which maximizes sigClusETotCM - The total extra neutral energy238

the longitudinal momenta of all the particle for B,,, reconstruction. on the signal side in the center-of-mass fram

tag

Plus:
r2All - the ratio of the second to zeroth Fox-Wolfram moment for all tracks and neutral clusters
cosT - the cosine of the thrust vector
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BDT Features (B - yYp + A)

= In order to further improve signal and background separation a BDT was developed and a cut made at post-selection

= The features which are used as input were chosen carefully, the list may be modified as | move forward:

Recoil B- Features Signal B* Features

Decay mode - the hadronic decay channel of B meson decay. signPiZ— number of pions on signal side

B.. Purity - the fraction of B,, mesons that are correctly reconstructed fora  SNClusters — number of calorimeter clusters
given decay mode.

AE - the difference of beam energy and the reconstructed B,,, energy. SBNNeut — number of neutral particles in the signal side

Mg - recoil B meson mass distribution Chi2 - of kinematic fit of lambda decay

Thrust, ThrustZ - The B,,, thrust axis is defined as the axis which maximizes LambdaFlightlen — lambda flight length

the longitudinal momenta of all the particle for B, reconstruction.

Plus:
r2All - the ratio of the second to zeroth Fox-Wolfram moment for all tracks and neutral clusters
cosT - the cosine of the thrust vector
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New Theory Result
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https://arxiv.org/pdf/2412.14947 (Lenz et al) show new theory projections taking into account ratio of
inclusive to exclusive (proton) channel.
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FIG. 3. Contour lines for the minimum B — B + ¢¥py + M
branching ratio required for baryogenesis and dark matter
generation as a function of the semi-leptonic asymmetries
AL, in Bg decays. The red contours show the relevant
parameter space in which baryogenesis can successfully oc-
cur. The black rectangle corresponds to the SM predic-
tion for A% . and the current world average is shown as
the orange contour. The grey line corresponds to the region
BR(B — B+ vYpm + M) > 0.5%, disfavored by a search for
ALEPH [5]. This figure is taken from Ref. [1].
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New Particles

Field || Spin [ Qe | Baryon no. | Zs Mass
d 0 0 0 +1 |11 — 100 GeV
Y 0 |-1/3| —2/3 | 41| O(TeV)
v || 1/2] o0 ~1 +1| O(GeV)
3 1/2| 0 0 -1 O(GeV)
6 || o o -1 ~1| O(GeV)

TABLE 1. Summary of the additional fields (both in the UV
and effective theory), their charges and properties required in
our model.
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