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Outline
• Low-mass New Physics

 Low-Mass Higgs
 Dark Forces

• Triggers and filters
 Single-photon triggers
 Dipion triggers
 Dark forces, etc
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Upsilon Resonances
• Electron-Positron collider:  e+e- → γ* → ϒ(nS)

CESR
CUSB

For any bottomonium process BFnS=ΓnS/Γtot >> BF4S, n=1,2,3
Significantly better sensitivity to new physics @ narrow resonances

Γ1S,2S,3S ~ 20–50 keV

Beam energy spread ~ 5 MeV
Large natural width
Γ4S ~ 20 MeV
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Direct Searches for Low-Mass New Physics
• Models inspired by astrophysical observations

 Strongest hint: INTEGRAL 511 keV anomaly
 Also positron, γ-ray excess in PAMELA, FERMI

 Typical models: low-mass (<10 GeV) gauge bosons and/or scalars (Higgses)

4
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Examples

Non-singlet fraction (cosθA)

mA0<2mτ

2mτ<mA0<7.5 GeV
7.5 GeV<mA0<8.8 GeV
8.8 GeV<mA0<9.2 GeV

R.Dermisek et al
PRD76, 051105 (2007)

BR
(ϒ

γA

0 )

• A number of BSM models predict light 
weakly-interacting degrees of freedom
 Motivated my astrophysical 

observations, theoretical prejudice
• E.g. NMSSM models with light CP-odd 

Higgs
 Solve fine-tuning problems in MSSM
 CP-odd Higgs, A0, below 2mb is not 

constrained by LEP 
 Large BR for ϒγA0 possible

• Also models with low-mass dark matter 
and/or gauge bosons
 E.g. “Dark Sector” 

• Accessible at B-Factories in e+e– 
annihilation or bottomonium decays
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Searches for a Light Higgs in BABAR
Well-understood initial state
(narrow ϒ resonance)
Fully or partially reconstructed final state, 
depending on the decay pattern of A0

BABAR analyses:
ϒ(2,3S)→γA0:
 ✔ A0µ+µ−, PRL103, 081803 (2009)
 ✔ A0τ+τ−,  PRL103, 181801 (2009)
 ✔ A0invisible,  arXiv:0808.0017  
 ✔ A0hadrons,  PRL107, 221803 (2011)  

ϒ(2S)→π+π–ϒ(1S), ϒ(1S)→γA0:
 ✔ A0invisible,  PRL107, 021804 (2011) 
 ✔ A0μ+μ–,  ongoing 
 ✔ A0τ+τ–,  ongoing 
 ✔ A0hadrons,  ongoing 

Key experimental signature: 
monochromatic photon in the 
Center-of-Mass (CM) frame

CM energy
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Most Demanding: ϒ(3S)γA0, A0invisible 

Dominant background from e+e−γγ,
with one of the photons missing the EM
calorimeter. Veto such events by detecting
activity in the muon detector (IFR). 

• Require a single photon 
with E*

γ>2.2 GeV
• No charged tracks
• No additional energy in 

EMC above 100 MeV 
• Missing momentum 

points to EMC
• No activity in IFR 

aligning with missing 
momentum

• Selection efficiency: 
10-11% (E*

γ>3 GeV), 
~20% (E*

γ<3 GeV)

γ

pmiss
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ϒ(3S)γA0, A0invisible : Results
Search for A0 signal 
as a peak in Eγ spectrum

No significant signal;
limits on BF constrain
NMSSM parameter
space

arXiv:0808.0017

Limited by detector hermeticity. Can be improved @ SuperB, with work
Data-driven systematics (background from e+e–→γγ and radiative bhabas)
Limit should scale as ~1/sqrt(L)



12/14/2011 YGK:  Low-Multiplicity Triggers

ϒ(1S)→γ+invisible
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Search for decay chain ϒ(2S)→π+π–ϒ(1S), 
ϒ(1S)→γ+invisible

Resonant (invisible=Higgs) or non-resonant 
(invisible=χχ, e.g. light dark matter)

Identify the event by two low-momentum 
pions from ϒ(1S)→π+π– transition, a single 
energetic photon, and large missing energy 

Two key kinematic variables: missing mass 
MX2, and dipion recoil mass

Simulated signal event

Search for excess of events over background 
as a function of missing mass
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ϒ(1S)→γ+invisible Limits
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Resonant ϒ(1S)→γA0 search Non-resonant ϒ(1S)→γχχ search 
Best limits on radiative decays of ϒ(1S) to invisible final states

BABAR
PRL107, 021804 (2011)

Statistics-limited measurement. Can be improved @ SuperB
Nearly zero background at low mass, so limits should scale as ~1/L
Probably best way to search for low-mass dark matter candidates (though in a 
somewhat model-dependent way)
Requires dipion and single-photon triggers
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Generally preferred by NMSSM

Also place significant constraints on other models, e.g. axion-like states, dark photons (from 
e+e–→γφ)

Higgs Coupling Limits

In NMSSM: gΥ = tan β cos θ ×
�
Cbinding
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More Light Dark Matter: ϒ(1S)invisible

Additional non-peaking backgrounds
from e+e−γ∗γ∗e+e−π+π− not included

Sidebands Sidebands

}trigger

pmissϒ(3S) MC Only
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ϒ(1S)invisible: Signal Extraction
Maximum likelihood fit to 
2-track “invisible” sample
Non-peaking background: 
✔ Float all parameters and 
    yield
Peaking Component: 
✔ Fix shape, float yield
   Contains peaking    
   background and signal

Fit Results: Npeak = 2326 ± 105 (stat.) events
Peaking background estimate, calibrated against control sample data:

Nbkg = 2444 ± 123 (syst.) events
Y(1S)invisible yield: –118 ± 105 (stat.) ± 124 (syst.)

PRL103, 251801 (2009)
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ϒ(1S)invisible: Final Results

90% CL
Bayesian
integral

BR(ϒ(1S)invisible) = [ –1.6 ± 1.4 (stat.) ± 1.6 (syst.) ]×10–4 

BR(ϒ(1S)invisible) < 3.0×10–4 @ 90% C.L. 

PRL103, 251801 (2009)

Already limited by systematics: further improvements will require better 
understanding of leptonic background (acceptance and trigger)
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Gauge Bosons in the “Dark Sector”
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Models motivated by γ-ray and positron 
emission from the galactic center 
(INTEGRAL, PAMELA, ATIC, etc)

Dark matter particles in ~TeV range, but 
new gauge bosons in ~GeV range

Coupling to leptons due to small mixing 
between SM and DS 

New gauge bosons decay to lepton pairs, 
anti-proton production forbidden by 
kinematics or suppressed → explains 
PAMELA/ATIC features

Search for low-mass states in e+e– 
annihilation @ B-Factories
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Direct Search for Dark Sector 
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Look for e+e–→l+l–l+l– final states (4e, 2e,2μ,4μ) as a function of two-lepton mass
Full BaBar dataset (~540 fb–1)
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0#0#$1(#$2/34(56578979:This analysis maps well to SuperB with little (or no) trigger constraints
Would scale as 1/sqrt(L)

arXiv:0908.2821



Search for a single dark photon

➭ The simplest case
➭ Large cross-section
➭ Large (irreducible) background
➭ Displaced vertex for low masses 
and low values of ε2

Many experiments are planned to 
perform model-independent search for 
dark photon below 1 GeV (APEX, HPS, 
DarkLight, MAMI,...), but no dedicated 
effort in ~ 1-10 GeV.

Luminosity is the key !!!

J.D. Bjorken et al., PRD 80 (2009) 075018

e+e- → γ A' → γ l+l-, γ qq

Constraints on α'/α = ε2

mA' (GeV)

α'/α = ε 2

BABAR limit obtained by reinterpreting 
ϒ(2S,3S) → γ A0, A0 → µ+µ- 

measurements

Search for dark photon

B. Echenard



Current and expected limits

mA' (GeV)

α'/α = ε 2

10-
7

SuperB  50 ab-1

SuperB sensitivity comparable to dedicated experiments and extends over larger 
mass range

BABAR  500 fb-1

BABAR  40 fb-1

Search for dark photon

Projected limits with full BABAR dataset for e+e- → γ A'  ,  A' → e+e-, µ+µ-, π+π-     

B. Echenard



➭ For mh < mA, the dark Higgs has a long lifetime and 
escapes undetected

➭ The signature is:
             A' (→l+l-) + missing Et

➭ The Higgs mass is identified to the recoiling mass and 
the signal appear as a bump in the Higgs mass vs 
photon mass plane.

➭ Constraints from beam dump experiments, solar gamma 
rays, tau decays,...

➭ Could probe region I and II in principle.
    Trigger and TauBGFilters should select these events

mA = 2.5mh

Constraints on dark higgs boson
(invisible decay)

Search for invisible Higgs

P. Schuster et al., PRD 81 (2010) 016002

Search for dark Higgs boson

Need to check that trigger and BG Filters select these events

B. Echenard
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Low-Multiplicity Triggers
• Three event topologies deployed @ BABAR

 Single-photon (trigger+filter)
 1 high-energy cluster + “nothing else”

 Single-photon+2 tracks (BGFilter)
 Mainly for dark photon searches
 Requires a radiative bhabha veto (cut on two-track mass 

m<5 GeV if one of the tracks is an electron)
 Low-mass dipion (trigger+filter)
 Two low-momentum pions, consistent with transition   
ϒ(nS)→ππϒ(mS)  

20
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Single-Photon Triggers and Filters
• L1 trigger

 1E: require 1 EMC cluster with E>800 MeV
 Few hundred Hz rate by end of Run7

• 3 Single photon trigger lines
  L3OutSingleGamma (E*>2 GeV): run>76135
  L3OutSingleGammaLowE (E*>1 GeV): run>78308
  L3OutSingleGammaveryLowE (E*>0.6 GeV)
 O(100 Hz) by end of Run7

• 2 BGFilter lines
  BGFSingleGammaInvisible

  E*>3 GeV, 1 HE photon, no tracks above 1 GeV
 BGFSingleGammaInvisibleLowE

  E*>1.5 GeV, 1 HE photon, no tracks above 100 MeV, loose shower shape cuts
  Activated after run 78308
  Required special processing 

} used in analysis
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Single-Photon Triggers @ SuperB
• Most of the rate is dominated by physics 

(radiative bhabhas, two-photon events)
 Improved hermeticity would help (forward ECal ?)
 The actual cuts would depend on how much 

bandwidth the experiment can spare
 Very low-energy photons are likely hopeless (Eγ*<~2 

GeV)
 Photon+two tracks+missing energy would cut down on 

trigger rate and allow extending analysis to low energies 
(high masses)

 This would be good for dipion-tagged searches, as well 
as dark sector searches

22
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Dipion Triggers
• Select two low-momentum tracks

  Opposite charge, no other tracks in the event
  Recoil mass consistent with ϒ(1S)
  L3 selection also requires little calorimeter energy (may want to revisit 

that)
 Developed by Steve Sekula (RecoBGFilter) and Rainer Bartoldus 

(L3)
  BGFPiPiInvisible

 Also had neutral-only triggers, but never used
  BGFPi0Pi0Invisible, BGFGamGamInvisible

• Rate was OK (tens of Hz in L3), but anti-correlation with 
single photon triggers may be problematic
 Topology-based selection with different prescales and cuts may be 

better 
 Dipion+nothing, Dipion+photon, two tracks+photon+ME, etc

23



Trigger requirements for dark force searches

Search for dark photon    e+e- → γ A'  ,  A' → e+e-, µ+µ-, π+π-

Search for invisible dark photon   e+e- → γ A', A' → invisible

Search for dark Higgs   e+e- → h' A' , h' → invisible

1 photon and 2 tracks
 Actual triggers/BGFilters are OK for low masses
 Must check efficiency of radiative Bhabha filters for high masses

2 tracks (photon emitted outside EMC)
  Relatively small fraction of events and large background, most likely not worth it, so OK.

Single photon trigger needed

Only 2 tracks for invisible Higgs decay
          Trigger and Tau BGFilter should be ok, need to be checked

Other channels have high multiplicity and trigger is ok

B. Echenard
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Summary
• Unique direct sensitivity to new physics in low-

multiplicity searches
 Complementary to LHC in model space

• Direct searches for light degrees of freedom:
 Low-mass Higgs
 New gauge interactions in the dark sector

• SuperB can improve sensitivities by 1-2 orders of 
magnitude compared to BABAR
 Requires low-multiplicity triggers and filters
 Will likely have high rates
May need to use specific topological selection rather than 

open triggers for these modes
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Backup
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A Little Aside: Higgs in SM
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TheThe Higgs sector in  Higgs sector in thethe SM SM
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SM

FourFour  degreesdegrees  ofof  freedomfreedom

WW++               W W-  -      Z    Z00

  becomebecome  massivemassive  whilewhile

  !!  remains masslessremains massless

OneOne  doubletdoublet  ofof  twotwo  complexcomplex  fieldsfields ( (fourfour real  real fieldsfields))

SM HiggsSM Higgs

SM Higgs SM Higgs couplingcoupling

  toto  fermionsfermions

 <  H0  > = v / !2

v=246 GeV

ffA
m

L
fff 0

int

v
!=

SpontaneousSpontaneous  
SymmetrySymmetry  
BreakingBreaking  

++
Higgs Higgs 

mechanismmechanism
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Higgs and SUSY
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S.Sekula
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SLACSLAC

December 20, 2007December 20, 2007
Miguel-Angel Sanchis-LozanoMiguel-Angel Sanchis-Lozano
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!µ"# ,,,,,,)(
v

tan 5

0

int ebsdddidA
m

L
fff =$=

!µ """#$ ,,,,,,)(
v

cot 5

0

int e

fff tcuuuiuA
m

L =%=

A large value of tan_  implies a large A0  coupling to the bottom quark but a small

coupling  (i.e. small cot _) to the charm quark. Therefore, in the quest for NP effects we

will focus on  bottomonium decays and spectroscopy but not on charmonium:

tan_ stands for the 2 Higgs VEVs ratio < Hu >/< Hd >

Coupling of fermions and the CP-odd Higgs A0 

In a 2HDM of type II

Two-Higgs Doublet Model (II)Two-Higgs Doublet Model (II)Higgs sector
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Physical Higgs bosons: Physical Higgs bosons: (five)(five)

          1 neutral CP-odd Higgs bosons (A1 neutral CP-odd Higgs bosons (A00))

          2 neutral CP-even Higgs bosons (h2 neutral CP-even Higgs bosons (h00  H  H00))

              2 charged Higgs bosons (H2 charged Higgs bosons (H±±))

MSSMMSSM
!
!
"

#
$
$
%

&
=

+

0

ˆ

H

H
H
SM

EnhancementEnhancement

SuppresionSuppresion

ifif tan tan__ > 1 > 1
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MSSM “Naturalness” Problem
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Physical Higgs bosons: (seven)

        2 neutral CP-odd Higgs bosons (A1,2)

        3 neutral CP-even Higgs bosons (H1,2,3)

            2 charged Higgs bosons (H±)
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The A1 would be the lightest Higgs:

sMSSM1
A sinA cosA

AA
!! +=

A1 coupling  to down type fermions !" tancos
Ad

X =#

PQ symmetry or U(1)R slightly  broken

      light pseudoscalar Higgs

Light Light darkdark  mattermatter??
NMSSM candidate compatible with present bounds: 

Light neutralino with a singlet component 

Gunion, Hooper, McElrath [hep-ph:0509024]

McElrath [hep-ph/0506151], [arXiv:0712.0016]

tan •‚ = vu / vd

NextNext--toto--MinimalMinimal--SupersymmetricSupersymmetric Standard  Standard ModelModel
(NMSSM(NMSSM))

SixSix  ““freefree”” parameters vs three in the MSSM  parameters vs three in the MSSM ::    

κκ    λλ  A  Aκκ A Aλλ    __effeff    tan tan ββ

New 
gauge-singlet

superfield

SingletSinglet  componentcomponentNon-Non-singletsinglet  componentcomponent

Higgs sector
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SLACSLAC
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L   &   H

Light and heavy Higgs
bosons can live together

Well-known example:

The photon is massless while W+, W- & Z0

are quite heavy!

Gauge symmetry  explains such a mass difference

SusySusy  scalescale  ~ O(100) GeV-O(1) ~ O(100) GeV-O(1) TeVTeV
 sets the expected Higgs mass sets the expected Higgs mass

    ProtectiveProtective  symmetrysymmetry??

Light Higgs !Light Higgs !

Light neutral Higgs scenarios

A A possiblepossible ( (andand  promisingpromising) ) scenarioscenario in  in thethe NMSSM NMSSM

mmAA11
 <  < mmHH11  <  <  mmAA22  !!  mmHH11  !!    mmHH22

  !!  mmHH++= m= mHH--

~100 ~100 GeVGeV

SM-SM-likelike

~~10 10 GeVGeV

  ~~300 300 GeVGeV  almostalmost  degeneratedegenerate


