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Dark Sectors

Standard Model

SU(3) xSU(2) x U(1)

Particle(s) that do NOT interact directly with SM.

Dark sector includes mediator particle(s) coupled to
SM via portals: vector, scalar, neutrino, ...

Hidden Sector

Dark sector could have rich structure, and dark
matter could be part of it.
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BABAR Experiment
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e Asymmetric eTe™ collider operating at center-of-mass energy of 10.58 GeV.

e Total integrated luminosity of 514 fb~! was collected, mostly at the 7(45)
resonance, but also at the 7°(3S) and 7°(25) peaks, as well as off-resonance.

Collaboration is still active more than 10 years after data taking ended!
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Search for a Dark Leptophilic Scalar in eTe™ Collisions

Search for Darkonium in ete~ Collisions )
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Dark Leptophilic Scalar

® The existence of an extended Higgs sector with new light gauge singlets that
can mix with the Higgs boson.
® New scalar interacts predominantly with SM leptons rather than quarks®.
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® Motivated by muon (g — 2).
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Figure: Viable parameter space of the leptonic
Higgs model, and projections for the BABAR and
Belle Il experiments in the ete™ — 7777 ¢,
channel.

IBatell, Brian, et al. ”Muon anomalous magnetic moment through the leptonic Higgs
portal.” Physical Review D 95.7 (2017): 075003. 5/27



Leptonic Higgs Portal

Signal: Two leptons (two tracks +

missing momentum /energy), plus a
di-lepton resonance.

® Decays preferentially to the most
massive lepton-pair kinematically
accessible.

® ¢ may have displaced vertices
BaBar proj. decay if £ is small enough.
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Analysis Overview

Search for leptophilic scalar (¢1,) radiated off a tau lepton:
ete” =1t ¢r, op =111~ (I=e,p)

® 0.04 GeV <my, <7 GeV.

® The cross section for mg, < 2m,, is measured separately for ¢y, lifetimes
corresponding to c74, values of 0, 1, 10, and 100 mm.

Procedure
® Consider all 1-prong decays of the tau.
® Select two pairs of oppositely charged tracks.
® Reject events with total visible mass > 9 GeV (Bhabha, photon conversion).

Train BDT to increase signal purity.

® QOptimize analysis for each final state and prompt or long-lived ¢y .
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BDT Training

We train a multivariate classifier (BDT) to separate signal & backgrounds.

® Background: A sample corresponding to about 5% of the data.

® Train for prompt sample (for dielectron, also 1, 10, 100 mm).

® Mass-dependent selection criteria to optimize signal sensitivity.
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Figure: BDT score distribution for ¢, — ete™ (left) and ¢y, — putu~ (right).
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Signal Extraction and Fits

We extract signal as a function of dark scalar mass with fits over sliding intervals.
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Dark Leptophilic Scalar Results
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Search for a Dark Leptophilic Scalar in eTe™ Collisions J

Search for Darkonium in ete~ Collisions
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Dark Matter Bound States in Dark Sector

® Vector portal: A new gauge group U(1)p in dark sector, couple to SM via
kinetic mixing:

€ nayv
£:§Fl AMV

A minimal dark sector model contains a single Dirac fermion () charged
under a new U(1) gauge group with a coupling constant gp.

Sufficiently strong values of gp could result in the formation of bound states
XX (darkonium).

The existence of stable bound states requires 1.68m 4 < aDmxl.

1Rogers, F. J., H. C. Graboske Jr, and D. J. Harwood. "Bound eigenstates of the static
screened Coulomb potential.” Physical Review A 1.6 (1970): 1577.
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Dark Photon Physics

® One lowest bound state Yp(J¥¢ = 177) predicts the process®:
Y [~

® The dark photon can be massless or massive.

® The dark photon lifetime could be short or long-lived, meaning its decay
length could be sufficiently long to produce displaced decay vertices.

p 3hc
liap =yer = — -

m?2  ae?

2An, Haipeng, et al. " Probing the dark sector with dark matter bound states.” Physical
review letters 116.15 (2016): 151801.
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Darkonium Analysis Strategy

® search for the reaction eTe™ — v1'p, Tp — A’A’A’, A’ subsequently decays
toete ,utu™ or o™
® 0.001 <ma <3.16 GeV,0.05 < Tp < 9.5 GeV

® Select events with six charged tracks identified as electron, muon or pion by
PID algorithm.

® Combine three similar mass A’ to form 1 candidates.
® Reconstruct same-sign combinations to suppress combinatorial background.
® The ISR photon can be emitted in the EMC acceptance and found or not.

® Train multiple machine learning models to increase signal purity.

Similar procedure was applied to study the case for displaced dark photon decay.
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Same-sign reconstruction
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® Same-sign track combinations are formed by swapping particles with identical
flavor between reconstructed dark photon pairs.

® Background: the mass difference distributions between same-sign and
opposite-sign pairs tend to be similar.

® Signal: the mass difference distributions between same-sign and opposite-sign
pair tend to be larger.
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Classification Performance
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® Train multiple machine learning models to increase signal purity.

® Standard prescriptions to check for over-training.
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Mass Distributions
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Figure: The (my,,,m4) distribution for events passing all selection criteria for prompt dark
photon decays.

® A total of 69 events pass all the selection criteria.

® Events near my, = 0.1 GeV,m 4 = 0.05 GeV arise from eTe™ — yy7.
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Darkonium Preliminary Results
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Figure: The 90% CL upper limits on the kinetic mixing e for (left) various Tp masses assuming
ap = 0.5 and (right) various ap values assuming my, =9 GeV.
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Leptophilic scalar
e cte” w1t ¢, 0 = 1T (I=e,p)

Darkonium
e cte™ = Tp,Tp - AAA, A = XTX™ (X =e,u,n)
No signals are observed.

A few other analyses are still ongoing!
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BABAR Experiments

The BABAR d

DIRC(PID)
144 quartz bars
11000 PMs

superconducting
solenoid

Instrumented Flux Return
RPCs / LSTs (muon / neutral hadrons)

Silicon Vertex Tracker
5 layers, double sided strips
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Dark Leptophilic Scalar - Cross Section
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Dark Leptophilic Scalar
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Darkonium - Theoretical Model
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Darkonium - Analysis Performance
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Figure: Analysis performance for prompt dark photon decays. Left: MVA score distribution.
Right: mass distribution of observed events passing all selection criteria.
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Figure: Analysis performance for displaced dark photon decays. Left: MVA score distribution.
Right: mass distribution of observed events passing all selection criteria.
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Darkonium - Limits for Displaced A" Decays
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Figure: The 90% CL upper limits on the ete™ — Y cross-section for (top left)
¢4 = 0.1mm, (top right) ¢t4» = 1 mm, and (bottom) ¢74/ = 10 mm.
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