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1. Light Higgs searches at BABAR

According to the most accepted theories, the fundamenttities acquire mass through the
Higgs mechanism [1], which requires the existence of attleas scalar state called the Higgs
boson. In the standard model (SM) of particle physics [2ldlig only a single Higgs boson, and
present experimental evidence by the ATLAS and CMS collaiimms at LHC suggest a Higgs-
like particle with a mass around 126 G&¥ [3]. The Minimal Super-Symmetric SM (MSSM)
solves the hierarchy problem of the SM by extending the Hegggor, the masses of the Higgs
bosons depending on a paramegtefd]. The MSSM fails to explain why the value of theis of
the order of the electroweak scale, many order of magnitedi@bthe natural Plank scale. The
next-to-minimal super-symmetry SM (NMSSM) [5] solves thiscalled "naturalness problem" by
adding a singlet chiral super-field to the MSSM. As a resudt iMSSM contains two charged
Higgs bosons, three neutral CP-even bosons, and two CPamiohé. The lightest CP-odd state,
A, could have a mass smaller that twice thguark [5], escaping detection at LEP, but making it
detectable vi&(nS) — yA® decays at the B-factorie8{BAr and Belle) [6]. The branching fraction
of Y(nS) — yA® could be as large as 16 depending of the values of the couplings [5]. All this
makes the B-factories experimental environment an ideadepto search for light Higgs bosons.
The expected width of thia® is expected to be smaller than the current experimentalutso on
its mass, so its width is always neglected in the searchdésrperd up to date.

PreviousBABAR searches foA? production in several final states have given null resutts, i
cluding Y(2S,3S) — yA%(— utu~—, t+17) andY(1S) — yA°(— invisible) [7]. Similar searches
have been done by CLEO in the diand diT with Y(1S) — yA® decays [8], and more recently by
BESIIin J/y — yA°(— ptu~) [9], and by CMS inpp— A%(— utu~) [10].

Two datasets of thBABAR experiment can be used to search forAfén the radiative decays
Y(nS) — yA? of the narrowY(nS) resonances, with integrated luminosities of 2! at the
centre-of-mass (CM) energy of thg3S) and 136 fb~! at theY(2S), they contairNss = (1213+
1.2) x 10° Y(3S) andNys = (98.340.9) x 1P Y(2S) mesons, respectively.

1.1 Searchesfor Y(2S 3S) — yA%(— hadrong

The searches oA® use hadronic events in which the full event energy is recootd. In
the events with at least two charged tracks, the highesggmdroton is assumed to be the photon
from the radiativey(nS) decay. TheAC is reconstructed by adding the 4-momenta of the remaining
particles, includingKg — e, K*, i, i — yy, and any unused photon. The radiative photon
energy must be greater tharb2GeV (Y(3S)) or 22 GeV (¥(2S)). The A° mass resolution is
improved by constraining the radiative photon and Aledlecay products to come from the same
vertex and the total 4-momentum to be that of the CM system.

Two parallel analysis are performed: one in which no assiamps made about the CP na-
ture of theA?, "CP-all"; and one in which th&® is assumed to be CP-0dA8Y— mtm ,KTK~
are excluded). The analysis selects 371740 (171136) ef@n@P-all (CP-odd) in the combined
Y(2S 39) dataset, with @9 < myo < 7.1 GeV/c?. The left hand plots of figure 1 show the distri-
butions of the reconstructe® mass; a signal would appear as a narrow peak in these spEo&ra.
number of signal events for a particular mass hypothesiaeA® is estimated as the number of
events within the mass window (a bin in the spectrum) minasniimber of background events.
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Since theA® is narrow, the mass window is chosen according toARenass resolution, which
varies from 3 to 26 MeYc? asmyo increases from @9 to 7 GeV/c?. The background events are
estimated from continuuri(nS) events (continuum samplé)e. off-peak Y(2S 3S,4S) data and
on-peakY(4S) data. The dominant background is dueetee™ — gq (continuum), and consists
mostly of initial-state radiation (ISR) production of lighmnesons and non-resonant hadrons.
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Figure 1: Left: Candidate mass spectrum in the (a) CP-all and (b) CH-adalyses. Black dots are
on-peak data, blue dots are off-peak scaled data and the ueekds the background fit. The prominent
initial-state radiation resonances are labeled. Right9®@.L. upper limits on the product of(B(3S) —
yA%)B(A® — hadrong (left axis) and BY(3S) — yA?)B(A® — hadrong (right axis), for (a) CP-all and (b)
CP-odd analysis.

The number of background events is obtained from a fit to tli@ sample aggregating the
properly scaled datasets just mentioned. Mesignal is evaluated at masses fron29L to
7.000 GeV/c? (0.300 to 7000 GeV/c?) in 1 MeV/c? steps for the CP-all (CP-odd) analysis. The
largest upwards fluctuations area (2.20) at 3107 GeV/c? (0.772 GeV/c?) for CP-all (CP-odd)
analysis, meaning that no evidence of a signal is found. €fbex, upper limits on the product
of branching fraction8(Y(nS) — yA%)B(A® — hadrong (right hand plot of figure 1) are derived,
ranging from 1x 10- at 03 GeV/c? to 8 x 10° at 7 GeV/c? at the 90% C.L [11].

1.2 Searchesfor Y(1S) — yAY(— u+u~)

These searches look for a di-muon resonance in the fullyhnstnacted decay chaing 2S, 3S) —
Y (1S)(— yA%), A° — utu~. Events are selected which contain exactly four chargeksgra
and a single photon with CM energy larger than 200 MeV. All trecks must be consistent
with originating from the collision point, and at least oneshbe identified as a muon. The two
tracks with the highest momenta are assumed to be muons emr@strained to originate from
a commonA® vertex. TheY(1S) candidate is reconstructed by combining fecandidate and
the photon. Finally, the(2S 3S) are formed with ther(1S) candidate with the two remaining
opposite charged tracks, assumed to be pions. The resolattbe di-muon mass is improved by
performing a kinematical fit of the full decay chain, where ¥i2S 3S) vertex is constrained to
the collision point, mass constraints of tHé2S, 3S) andY(1S) candidates are enforced, as well as
the requirement that the(2S,3S) energy be consistent with tiee e~ CM energy.
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A total of 11136Y(2S) (3857Y1(39)) candidates are selected. A resonant peak fronAfre-
cay is expected in the di-muon reduced mass spectnym € , /mfmr — 4mf,). The distribution
of myeq for the selected candidates is shown on the left hand plofgyafe 2. The main back-
grounds are dominated by non-resonant di-muon decays.iJied gield is extracted as a function
of myo in the region @12 < my < 9.20 GeV/c? by performing a series of one-dimensional ex-
tended maximum likelihood fits to the.eq distribution. TheAP signal is searched in steps of half
themq resolution, resulting in a total of 4585 points. The larggstard fluctuations are found to
be 3620 (2.970) atmye = 7.87 GeV/c? (3.78 GeV/c?) for Y(2S) (Y(39)) dataset. The probabil-
ities to observe such fluctuation are estimated to be 18.B2¥6). Therefore, the distribution of
the signal significance is compatible with the null hypotbes
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Figure2: Left: meq distribution for (a) Y(2S) and (b) Y(3S) datasets. Peaking background components
can be seen fol(3S) data. Right: 90% upper limits on the product of branchingctians BY(1S) —
yA9)B(A? — ut ) for (a) Y(2S), (b) Y(3S) and (c) combined(2S, 3S) datasets; (d) 90% upper limit on
f$ x B(A? — putu~) (blue curve), together with previou8Bar measurements (magenta curve), and (e)
combined limit.

We find no significant signal and set 90% C.L. Bayesian upp@tdion the product of branch-
ing fractionsB(Y(1S) — yA%)B(A® — u*u~) in the range of @12 < myo < 9.20 GeV/c? (right
hand plot of figure 2). The limits range betweth37 — 8.97) x 10°° for Y(2S) data, (1.13 -
24.2) x 107 for Y(3S) data and(0.28 — 9.7) x 1078 for the combinedy(2S,3S) datasets [12].
By using the relatiorB(Y(nS — yA%)/B(Y(nS) — ¢+¢7) = (f2/2mae)(1— mio/nﬁ(ns)), where,
n=123,¢=eU, ae¢is the fine structure constant arfgd the effective Yukawa coupling [12] of
the b-quark toA%, we set 90% upper limits on the produic x B(A® — p* u~) using the results
from the combinedr(2S,3S) datasets. The upper limit ranges frons9x 1076 to 3.0 x 1074
depending upon tha® mass. Combining the present results with the prevBABAR results [7] on
Y(2S,3S) — yA® we obtain a 90% upper limit ohZ x B(A? — p* ™) in the rangg(0.29— 40) x
1076 for mye < 9.2 GeV/c? (right hand plot of figure 2).
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1.3 Searchesfor Y(1S) — yA%(— 1717)

For this search, th&(2S) — m" " Y(1S) transition is used. A signal candidate consist of
a photon plus four charged tracks, two associated with thiespdf the transition betweeri(2S)
and Y(1S) and two from one-prong decays of eacfiepton ™ — €™ Vevy,uv, vy, mhvr). We
require that at least one decays leptonically, and examine five combinations of deerghee
eu, 1y, up, ur. The masses of the(1S) andA° candidates are calculated from thé, ., =
M$(253S) + M2 — 2My (o535 ESy andmg = (Pere- — Prr— Py)? kinematic variables, where tte
are the four-momenta of the |nd|cated system.
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Figure3: Left: Fit to m distribution for the mp point that return the largest upward fluctuation (see text).
Right: 90% C.L. upper limits for @x B(A? — t+17). Shown are the present results (dashed green), the
previousBaBaR results fromY{(3S) radiative decays (dotted blue), the combination (red); aegllts from
CLEO experiment (dashed magenta).

A resonant peak from tha® decay would manifest in theg spectrum. We extract the sig-
nal yields as a function of than,o in the interval 36 < my < 9.2 GeV/c? by performing a se-
ries of maximum-likelihood fits tang. The fit model contains contributions from signal, which
is expected to peak near the light Higgs mass squared, anaa@tisimackground function, aris-
ing from continuum and radiative leptond(1S) backgrounds. We search for t#€ in vary-
ing mass steps that correspond to approximately half of xpeated resolution omyo. A total
of 201 mass points are sampled. The most significant upwactuitions occurs with.Zo at
my = 6.36 GeV/c? (left hand plot of figure 3). Estimations reveal that suchtflations are ex-
pected with a probability of 7.5%, therefore, we concludat tho significantA? signal is found
and set Bayesian 90% C.L. upper limits on the prodd(@t(1S) — yA%)B(A° — 1717), com-
puted with a uniform prior. The limits range betwe@?9 — 13.0) x 10-° [13]. Using the relation
B(Y(nS) — yA®)/B(Y(nS) — £47) = (gBGrmE//2mae) Focp(1 — Mo/ MG ) Wheregg is the
Yukawa coupling of the b-quark to t&, Ge the Fermi constant, anéqcp includes QCD cor-
rections [13]; we can set a constrain on the proggct B(A° — 17 77), and combine the present
results with previou$ABAR measurements d( Y(3S) — yAO) x B(A® — 1+17) [7]. We set a 90%
C.L. upper limits on the producf2 x B(A° — 17 17) in the range M9— 1.9 for myo < 9.2 GeV/c?
(right hand plot of figure 3). Our limits place significant straints on NMSSM parameter space.
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2. Dark Higgsand dark photon searches at BABAR

There is overwhelming evidence for dark matter from terig@sand satellite astrophysical
observations, but its precise nature and origin remain onvkn To try to explain this observational
evidence many models [14] introduce a new hidden dark sectder which WIMP-like dark
matter particles are charged. In these models, the WINEPHicticle can annihilate into pairs of
dark bosons, which subsequently annihilate into leptonst@ps are kinematically forbidden). In
one of these models [14] there is a new dark sector that coupléhe SM particles with a dark
photon, A’, through a small kinetic term. Astrophysical data consgagheA’ mass to be a few
GeV. TheA' acquire its mass via the Higgs mechanism, adding a dark Hujgs the theory. The
mass hierarchy is not constrained, andttheould be light as well. The high collision rate and the
relatively clean experimental environment of B-factotiean ideal place to probe for MeV GeV
dark matter, complementing the searches performed at LHC.

2.1 Searchesfor efe” — A'h'(— AA); with A —ete , uptu—, mrm

We search for dark Higgs and dark photons Miggsstrahlungproductionet e~ — A™* —
A'h(— A'A') [15]. This interaction is very interesting because it ig8rsuppressed by the mix-
ing strength between the SM and the dark seetolf observed, it could provide an unambiguous
signature of NP. The event topology depends onAhandh masses. This measurement is per-
formed in the range .8 < my < 10.0 GeV/c® and 025 < my < 3.0 GeV/c® with the constrain
my > 2my. The data sample used consists of 521 fbollected mainly at th&(4S) peak, but also
includes data collected at th&2S) andY(3S) peaks, as well as off-peak data.
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Figure4: 90% C.L. upper limits ompe? (see text). Left: limits as a function ofynfor selected values of
myy; Right: limits as a function of g for selected values of mn

The process™e™ — A™* — A (— A'A) is either fully reconstructed in(8t¢~), 2(¢* ¢~ )
and/*¢~2(mr ) (¢ = e, p); or partially reconstructed in(2*tu~)+Xand(utu~)(ete) + X,
whereX denotes any final state other than a pair of leptons or piorntah of six events where
selected: oned2m, two 2u4rm, two 2e4mr and one 4 + X. No candidate with six leptons survives
the selection. The selected events are very likely to cooma fr — mtm or w — " decays
nearmy ~ 0.7 — 0.8 GeV/c?, and it is concluded that no significant signal is observed.

Using a Bayesian method, upper limits on #ie~ — A* — A'h/(— A'A’) cross-section are
obtained as a function afiy andmy. These limits can be translated into 90% upper limit on the
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couplingapée? (see figure 4), wherap = g3 /41, with gp the dark sector gauge coupling. Values
as low as 101°— 1078 are excluded for a large range wiy andmy, assuming prompt decay.
Under the assumption thatp =~ ae, the current measurement can also be translated into limits
on the mixing strengtle which range 10* — 103, an order of magnitude smaller that current
experimental bounds from direct photon production in théssrange.

3. Conclusion

We performed several searches for evidence of dark seatdidates and CP-odd light Higgs
in the Y(2S,3S,4S) BABAR data sample. The data show no evidence of such signals boleeoa
improve the limits within the parameter space of various Nitlats.
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