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Outline

- Decays to dark sector bosons:

- H→Z(d)Zd→4l (l= e, µ)

- Flavor Changing Neutral Currents (FCNC) decays:

- t→qH, H→γγ

- Decays to a light neutral pseudoscalar Higgs boson (a1) 
in the NMSSM

- H→a1a1→µµττ
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H→Z(d)Zd→4l

- Higgs decays as a portal to the hidden/“dark” sector

- Introduced through U(1)d gauge symmetry added to the SM

- Could couple to SM via kinetic mixing with hypercharge gauge boson

- If U(1)d symmetry broken by dark Higgs: mixing between dark sector Higgs (S) and 
SM Higgs boson

- Motivations: Dark matter, astrophysical positron excesses, muon g-2

- Search: model-independent search for decays to a light “dark” Z-boson,  
Zd (15 GeV < mZd < mH/2) in the 4 lepton channel
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ATLAS 8 TeV results: arXiv:1505.07645 
Submitted to PRD
Dark sector information: arXiv:1312.4992

ε: Kinetic mixing parameter  
δ: effective Z-Zd mass mixing parameter

κ: Higgs portal coupling
mS: mass of dark Higgs
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H→Z(d)Zd→4l
- H→ZZd: look for excess in m34 spectrum (m12 is lepton pair closest to the Z pole)

- Backgrounds: H→ZZ*→4l; SM ZZ*; Z+jets and tt-bar

- H→ZdZd: counting experiment — select quadruplet by minimizing Δm = |m12-m34|; apply Z, 
J/ψ, Υ vetoes

- Loose signal region: m12 < mH/2 and m34 < mH/2  
Tight signal region: |mZd - m12| < δm, |mZd - m34| < δm (δm = 5/3/4.5 GeV for  
4e/4µ/2e2µ final states)

- Backgrounds: H→ZZ*→4l; SM ZZ*; Z+jets and tt; WW* & WZ

ZZd: m34 spectrum ZdZd: mll spectrum after loose signal region cuts
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H→Z(d)Zd→4l: Results

µd =
� ⇥BR(H ! ZdZd ! 4`)

[� ⇥BR(H ! ZZ⇤ ! 4`)]SM

H→ZZd→4l:  
Entire mass range excluded at  

95% CL for RB < 0.4 (0.2 expected)

H→ZdZd→4l:  
Two events (4e, 4µ) observed w/ 

significance 1.7 σ

Upper bounds set in the range (1–9) × 10−5
Upper bounds set in  

the range (2–3) × 10−5 

RB =
BR(H ! ZZd ! 4`)

BR(H ! 4`)
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H→Z(d)Zd→4l: Results
Benchmark model interpretations:

Kinetic gauge mixing dominates (ε >> κ) Z-Zd mass mixing

Higgs mixing parameter dominates (κ >> ε);
mH/2 < mS < 2mH; mZd < mH/2  

ε: Kinetic mixing parameter  
δ: effective Z-Zd mass mixing parameter

κ: Higgs portal coupling
mS: mass of dark Higgs

H→ZZd→4l:

H→ZdZd→4l:

Limit on ε Limit on δ2BR(Zd→2l)

Limit on
⇥ m2

H

|m2
H �m2

S |
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Flavor Changing Neutral Currents  
(FCNC): t→qH(125), H→γγ

- FCNC: Forbidden at tree-level in the SM; very suppressed @ higher orders due to GIM 
mechanism

- Expectation for SM t→cH branching ratio: ~3*10-15

- BSM models could yield effective couplings λtqH orders of magnitude greater than SM

- Models could yield t→qH branching ratios up to O(10-5)

- Observation of FCNC in top decays would be a clear sign of new physics

- Previous experiments have constrained tqγ, tqZ, an tqg (q=c,u)

- ATLAS search: t→qH(125), H→γγ (q=c,u) in tt-bar production at 7 and 8 TeV (combined)

- No distinction made between t→cH and t→uH (similar acceptances)

- H→γγ chosen for its large number of events and clean detector signature

ATLAS 7+8 TeV results:  
JHEP06(2014)008 
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FCNC: t→qH, H→γγ
- Search channel: tt-bar events where t→qH and t→bW

- Start with standard H→γγ selections: two isolated γ with ET > 40 GeV (30 GeV) 

- Hadronic channel (7 TeV and 8 TeV): ≥ 4 jets with ≥ 1 b-tag;  
156 GeV ≤ mγγj ≤ 191 GeV; 130 GeV ≤ mjjj ≤ 210 GeV

- Leptonic channel (8 TeV): Exactly one lepton (e,µ); ≥ 2 jets with ≥ 1 b-tag;  
mT > 30 GeV; 156 GeV ≤ mγγj ≤ 191 GeV; 156 GeV ≤ mlνj ≤ 191 GeV

- Backgrounds: SM Higgs production (resonant); γγ, tt-bar, W(γ) (non-resonant)

- Sideband technique used in mγγ to estimate background in signal region  
(mH = 125.5 GeV)

Hadronic channel data with MC of dominant background  
(non-resonant two-photon+jets) and signal with BR = 5%

Hadronic channel data fit to 1) continuum background  
2) SM Higgs + continuum bkgd &  

3) Signal + SM Higgs + continuum bkgd
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FCNC t→qH, H→γγ:  
Results

- After hadronic channel selections: 7 events (7 TeV) and 43 events (8 TeV)

- After leptonic channel selections: 1 event (8 TeV only)

- Fitted branching ratio: BR= 0.22 +0.31 -0.26 % 

- Corresponding signal yield (hadronic and leptonic): NS = 3.1 +4.3 -3.7

- Probability of background producing a fluctuation ≥ observed excess: 18%

- => No significant excess observed

- Observed limit on BR(t→qH): 0.79%  
(0.51% expected) @ 95% CL

- Corresponds to a limit on the couplings of:  
q

�2
tcH + �2

tuH < 0.17
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NMSSM: H→aa→µµττ
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- Next-to-Minimal Supersymmetric Model (NMSSM): MSSM + 1 singlet superfield

- => 7 Higgs bosons (H+/-, 3 CP-even (h1,h2,h3), 2 CP-odd(a1,a2)

- a1 mass generally assumed to be lower than the h mass

- Search channel: H→aa→µµττ

- mH set to 125 GeV (observed h boson)

- For this analysis: H is any CP-even Higgs boson; h is the observed 125 GeV boson

- ma range: 3.7 — 50 GeV

- Also considers 100 GeV ≤ mH ≤ 500 GeV with ma = 5 GeV

ATLAS 8 TeV results: arXiv:1505.01609  
Submitted to PRD
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H→aa→µµττ
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- Search channel: in range ma ≲ 10 GeV, requiring a decay to muons reduced production by a factor of ~100

- Tradeoff: high signal efficiency, larger signal-to-background, narrow mµµ resonance

- Require one τ to decay leptonically (signal regions: SRµ — τ decays to muon;  
SRe — τ decays to electron)

- Backgrounds: tt-bar, Z/γ*+jets, bb-bar, tW, WW, WZ, ZZ, h→ZZ*, along with J/ψ, ψ(2S), Υ(1S), Υ(2S), 
Υ(3S) resonances

- Simultaneous fit of the full background model performed on the mµµ data in two control regions (CRj: 
light-flavor dominated and CRb: heavy-flavor dominated)

Observed mµµ distribution in CRj (left) and CRb (right) and the SM background model after a simultaneous fit
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H→aa→µµττ: Results
- Results of control region fit are used to constrain parameters of the ψ, Υ, tt-bar, and Drell-Yan background 

components

- Observed mµµ distribution and the background-only fit are shown for the two signal regions (SRµ and SRe), 
with expected signal distributions for ma = 5, 10, and 20 GeV

- SRµ — τ decays to muon; SRe — τ decays to electron)
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H→aa→µµττ: Results
- No significant excess in data above the SM background 

- 95% CL upper limit placed on h→aa production relative to SM gg→h production 
(assuming no coupling of the a to quarks), where h is the observed 125 GeV Higgs boson

- Limits are also placed on H → aa production cross section: 2.33 pb to 0.72 pb for fixed 
ma = 5 GeV, 100 GeV ≤ mH ≤ 500 GeV
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Looking Forward
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- Decays to dark sector bosons: H→Z(d)Zd→4l

- Run 2:

- Improve the potential of a discovery or 
set stricter limits

- Extend search into the low-mass region 
(Zd < 15 GeV)

- Zd with displaced vertex

- FCNC: t→qH (H→γγ)

- Run 2:

- Increased tt-bar cross section, more 
events

- Could set better limits on λtqH

- Add a multi-lepton analysis to increase 
sensitivity

- NMSSM H→aa

- Run 1: H→aa→4γ publishing very soon, 
results shown at EPS: consistent with SM 
expectation

- σH x BR (h→aa) x BR(a→γγ)2< 0.02 pb 
for 10 < ma < 90 GeV; < 0.001 pb for 
ma up to 245 GeV

- σ × BR(h → aa) × BR(a → γγ)2 < 10−3σSM 
for 10 GeV < ma < 62 GeV

- Run 2: H(125)→aa→bbµµ, H(125)→aa→4b 
underway

- Lepton Flavor Violating (LFV) 

- Run 1 H→µτhad uploaded to the arXiv on 
August 13: 

- No significant excess over SM background, 
95% CL Br(H→μτhad) obs  
< 1.85%

- Most Higgs-related exotic searches will improve in sensitivity in Run 2

- Some analyses will be using improved analysis techniques (BDTs, Deep Learning algorithms, 
etc.) while others will be looking for additional BSM Higgs bosons at higher masses
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- Many searches for exotic Higgs boson decays performed 
in a variety of channels

- So far no new discoveries

- A lot of work has been done to exclude regions of 
parameter space

- Still room for BSM discoveries!

- Several exotic Higgs analyses at Run 1 are ongoing

- Run 2 data at 13 TeV will improve our discovery 
potential
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Conclusions
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Backup Slides
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- Search signature: ≥ 3 isolated photons; pT(γ1,2) > 22 GeV, pT(γ3) > 17 GeV

- Not favored in NMSSM for ma > a few MeV, but can be sizable in other models with extended Higgs sectors

- Backgrounds: irreducible prompt photons, photon(s)+jet(s)

- Search is in the m23 spectrum (invariant mass of second- and third-leading photons)

- Result: no significant excess over SM backgrounds

- (σ/σSM) × BR(hSM → aa) × BR(a → γγ)2 from ∼3×10−4 to ∼4×10−4 for 10 GeV < ma < 62 GeV and SM Higgs h 
(mh = 125 GeV)

- σH × BR(H → aa)×BR(a →γγ)2 < 0.02 to 0.001 pb, depending on values of ma and mH, for  
mH up to 900 GeV
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H→aa→γγγγ

mh = 125 GeV mH = 600 GeV
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Lepton Flavor Violating Decays  
H→μτhad 

ATLAS 8 TeV results: arXiv:1508.03372
To be submitted to JHEP

- Search performed by performing a fit to the mass distribution in data, mμτMMC (MMC: Missing Mass Calculator)

- Signal regions SR1 and SR2 defined by transverse mass of μ-ETmiss and τ-ETmiss systems:

- SR1: OS events with mT(μ, ETmiss) > 40 GeV, mT(τhad, ETmiss) < 30 GeV

- SR2: OS events with mT(μ, ETmiss) < 40 GeV, mT(τhad, ETmiss) < 60 GeV

- Backgrounds:

- Events with true μτhad: irr. Z/γ*→ττ, VV→μτ+Χ (V=W,Z), tt-bar, single-top, SM H→ττ

- Events with fake τhad: W+jets, QCD multi-jet, VV (V=W,Z), ttbar, single-top, Z→μμ+jets 

- Results: Small excess found in 120 GeV < MμτMMC < 140 GeV region of SR2 — Significance: 2.2σ

- Combined SR1 and SR2 significance: 1.3σ  
=> no significant excess over SM backgrounds

- Best fit Br(H→μτhad) = (0.77±0.62)%

- 95% CL Br(H→μτhad) obs (exp.) < 1.85% (1.24 +0.50 -0.35)%
Post-fit combined  

mμτMMC distribution


