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Introduction
Since the discovery of the Higgs in 2012,
measurements agree very well with the
Standard Model.

But still unanswered questions for which
Higgs could play a major role, such as:

Fine tuning?

Dark matter?

Matter/antimatter asymmetry?

Many BSM models predict nonstandard
“exotic” decays of the 125 GeV Higgs.

Measurements of visible decays limit
branching fraction to non-SM particles:
BBSM < 0.34 (0.39).

Still plenty of room for beyond-SM
physics in Higgs decays!

[arXiv:1606.02266]
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Searches covered

All results include 13 TeV Run 2 data through 2016.

H → long-lived particles covered in Hideyuki’s talk

CMS H → aa decays covered fully in Alexis’s talk

Invisible Higgs decays

VBF + (H → inv)
(Z → ``) + (H → inv)
(V → had)/monojet +(H → inv)

Dark sector Higgs decays

H → ZdZd → 4`
H → ZZd → 4`
Also H → aa→ 4`

Higgs → scalars

VH → Vaa→ (``/`ν)bbbb
H → aa→ bbµµ
H → aa→ γγgg

Lepton flavor violation

H → eτ/µτ
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Invisible Higgs decays
A weakly-interacting, massive dark matter particle would be expected to
interact with the Higgs.

Many BSM theories predict Higgs decays to “stable” dark matter particles.

SM BR for H → invisible Binv(4ν) is ∼ 0.1%.

Look for VBF / W /Z / jet recoiling against invisibly-decaying Higgs.
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H → invisible: Emiss
T + VBF

[arXiv:1809.06682]
[arXiv:1809.05937]

Tag events via Emiss
T and two jets widely-separated in η with large mjj .

BG mostly (Z → νν) + jets and (W → `ν) + jets.

W

W
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(3 bins for ATLAS)
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H → invisible: Emiss
T + (Z → ``)

[arXiv:1708.09624]
[arXiv:1711.00431]

Require Emiss
T ∼ back-to-back with Z → ``.

BG mostly (Z → ``)(Z → νν), (Z → ``)(W → `ν), and Z + jets.

ATLAS: Fit Emiss
T ; CMS: Use BDT.
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H → invisible: Emiss
T +(V → had) or monojet

[arXiv:1807.11471]
[arXiv:1712.02345]

Emiss
T + single jet (CMS), large-R jet consistent with W /Z decay

(ATLAS/CMS), or jet pair consistent with W /Z decay (ATLAS).

BG mostly V + jets and tt̄.
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H → invisible: Combination
[ATLAS-CONF-2018-054]
[arXiv:1809.05937]
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Higgs portal
[ATLAS-CONF-2018-054]
[arXiv:1809.05937]

Run 1+2 combination (∼ 60 fb−1).

Interpret in terms of WIMP mass and nuclear scattering cross section.
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Higgs → scalars

Some extensions to the SM include
Higgs decays via a pair of
(pseudo)scalars, eg, 2HDM+S.

a→ bb generally dominates, but
other decays may also be significant
depending on the model, such as
a→ µµ, a→ ττ , a→ γγ, a→ gg .

H
a

a

b̄

b

µ+

µ−

Upper limit of ma < 62.5 GeV set by requirement of H → aa. Most
searches sensitive down to 15–20 GeV.
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VH → Vaa→ (``/`ν)bbbb [arXiv:1806.07355]

Searching for H produced with W /Z .
H decays via aa→ bbbb either promptly
or with cτ up to 6 mm.
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H → aa→ bbµµ [arXiv:1807.00539]

a→ bb expected to dominate, but
a→ µµ can be significant in some
2HDM models with enhanced lepton
couplings.

µ+µ− with 16 <mµµ < 64 GeV.

Exactly 2 b-tags.

Kinematic fit to H(125)→ aa→ bbµµ.
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VBF H → aa→ γγgg [arXiv:1803.11145]

If fermionic decay is suppressed, a can
have significant decays to g/γ.

Tag H production using VBF.

2 photons, ≥ 4 jets
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|mjj −mγγ | < 12–24 GeV
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CMS H → aa Covered in Alexis’s talk
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Higgs decays to dark photons
Many SM extensions include a U(1) dark gauge symmetry with gauge boson Zd

mixing with hypercharge gauge boson via ε and with SM Higgs via κ.

Gives rise to H → ZdZd and H → ZZd .

Zd has significant decays to `` (∼ 0.2–0.3). Prompt for ε >∼ 10−5.

H
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d

Z
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Z

Z

ϵ

May also have sensitivity to H → aa→ 4` if B(a→ µµ) is significant.
Could be ∼ 10% for Type-II 2HDM+S with tanβ ∼ 5 and ma < 4 GeV.
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H → ZdZd/aa→ 4` [arXiv:1802.3388]

Two ` pairs: (ee)(ee), (ee)(µµ), (µµ)(µµ).

m4` consistent with mH .

m`` inconsistent with J/ψ/Υ and mispaired Z .

m12/m34 > 0.85.

Consider only 4µ for 1 < mX < 15 GeV.
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H → ZZd → 4` [arXiv:1802.3388]

Two ` pairs: (ee)(ee), (ee)(µµ), (µµ)(µµ).

m4` consistent with mH .

One pair consistent with mZ .

Look for signal in the other pair.
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ATLAS H → aa summary [ATL-PHYS-PUB-2018-045]

Interpret as limits on
H → aa branching ratio
in the context of specific
2HDM+S models.
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Lepton flavor violation
H → ``′ forbidden in SM but allowed in some extensions:

SUSY, composite Higgs, Randall-Sundrum, etc.

H → eµ strongly constrained by µ→ eγ limits: B(H → eµ) < O(10−9)
Limits on rare τ decay τ → µ and τ → e imply

B(H → µτ) and B(H → eτ) < 10%.
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H → eτ/µτ [arXiv:1712.07173]

Channels: eτh, eτµ, µτh, µτe

Jet categories: 0j , 1j , 2j (ggH), VBF

Use BDTs to discriminate signal.

Joint fit to BDT output.

Backgrounds: Z → ττ ; W + jets and
QCD with jets misidentified as leptons.
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H → µτ limits
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H → eτ limits

B(H → µτ) < 0.25(0.25)%√
|Yµτ |2 + |Yτµ|2 < 1.43× 10−3

B(H → eτ) < 0.61(0.37)%√
|Yeτ |2 + |Yτe |2 < 2.26× 10−3
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Summary
Both experiments searching for nonstandard decays of the 125 GeV Higgs.

Limits on H → invisible, H → aa, H → ZZd/ZdZd , and H → eτ/µτ .

Looking forward to the analysis of the data from the remainder of Run-2.

Will increase 13 TeV integrated luminosity by close to a factor of 4!
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Backup
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H → invisible: Emiss
T + VBF [arXiv:1809.06682]

Selection
Emiss

T > 250 GeV

2 jets |eta| < 4.5; |∆η(jj)| > 4.8|
pT (j1) > 80 GeV; pT (j2) > 50 GeV

No additional jets or leptons

Backgrounds

Mostly (Z → νν) + jets,
(W → `ν) + jets.

Constrain BG using CRs with 1 or 2
leptons.

Final discriminant is mjj , binned: 1.1 – 1.5 TeV; 1.5 – 2 TeV; > 2 TeV.
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H → invisible: Emiss
T + VBF [arXiv:1809.05937]

Selection
pmiss

T > 250 GeV

2 jets |∆η(jj)| > 1|
pT (j1) > 80 GeV; pT (j2) > 40 GeV

mjj > 200 GeV; ∆φ(jj)| < 1.5

η(j1)η(j2) < 0

No leptons or b-tags.

Fit shape of entire mjj distribution.

Binv < 0.33 at 95% CL (exp: 0.25)

Backgrounds

Mostly (Z → νν) + jets,
(W → `ν) + jets.

Constrain BG using CRs with 1 or 2
leptons.
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H → invisible: Emiss
T + (Z → ``) [arXiv:1708.09624]

Selection
Emiss

T > 90 GeV; Emiss
T /HT > 0.6

(HT is scalar pT sum over leptons+jets).

Z → `` candidate (76 < m`` < 106 GeV)
∆R(``) < 1.8

Emiss
T is back-to-back with `` and not

dominated by soft terms.

No b-tags or additional leptons
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Backgrounds

(Z → ``)(Z → νν) estimated from
simulation (4` control sample
statistically limited).

(Z → ``)(W → `ν) normalization taken
from WZ data.

Z + jets estimated from data.
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Binv < 0.67 at 95% CL (exp: 0.39+0.17
−0.11)
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H → invisible: Emiss
T + (Z → ``) [arXiv:1711.00431]

Selection
pmiss

T > 100 GeV

Z → `` candidate (|m`` −MZ | < 15 GeV|)
pT (``) > 60 GeV; ∆R(``) < 1.8

pmiss
T is back-to-back with ``, not dominated

by soft terms, and away from any jet.

No b-tags or additional leptons; no more
than 1 jet.
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(Z → ``)(W → `ν) constrained from
data in 3`, 4` CRs.

Z + jets shape taken from simulation
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Binv < 0.40 at 95% CL (exp: 0.40)
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H → invisible: Emiss
T + (V → had) [arXiv:1807.11471]

Selection
Resolved:
2 jets 65 < mjj < 105 GeV; Emiss

T > 150 GeV

Merged: Large-R jet consistent with W /Z
decay; Emiss

T > 250 GeV

No extra `; no b-tags unassociated with
signal jets.

Multijet suppression requirements.

Bin according to number of b-tags
and jet substructure variables.

Binv < 0.83 at 95% CL
(exp: 0.58+0.23

−0.16)

Backgrounds

Mostly V + jets and tt̄.

Constrained using CRs containing
leptons.
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H → invisible: Emiss
T + (V → J) or monojet [arXiv:1712.02345]

Selection
pmiss

T > 250 GeV

No `, γ, b-tags.

Jet > 100 GeV and |η| < 2.4.

Mono-V :
Large-R jet > 250 GeV and |η| < 2.4
65 < mJ < 105 GeV
Consistent with W /Z decay.

Separate mono-jet and mono-V
categories.

Binv < 0.53 at 95% CL
(exp: 0.40)

Backgrounds

V + jets estimated from CRs with
leptons, photons.
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H → invisible: Combination [ATLAS-CONF-2018-054]
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σ2±Expected limit 

s = 7 TeV, 4.7 fb-1

All limits at 95% CL

Run 2 (2016): Binv < 0.38 at 95% CL (exp: 0.21+0.08
−0.06) [3%]

Run 1+2: Binv < 0.26 at 95% CL (exp: 0.17+0.07
−0.05) [10%]
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H → invisible: Combination [arXiv:1809.05937]

Run 2 (2016): Binv < 0.26 at 95% CL (exp: 0.20)
Run 1+2: Binv < 0.19 at 95% CL (exp: 0.15)
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H → aa→ bbµµ [arXiv:1812.06359]

µ+µ− with 20 <mµµ < 62.5 GeV.

Exactly 2 b-tags; Emiss
T < 60 GeV

χ2 =
(mbb−mµµ)2

σ2
bb

+
(mµµbb−125)2
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< 5

20 25 30 35 40 45 50 55 60

 (GeV)µµm

0

5

10

15

20

25

30

35

40

45

50

E
ve

nt
s 

/ (
 0

.8
5 

)

Data (combined)

Best-fit bkg. model

68% CL uncertainty

 (13 TeV)-135.9 fb

CMS Background-only fit

Extract signal via unbinned fit to mµµ.
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H → aa→ bbττ/µµττ
[arXiv:1805.10191]
[arXiv:1805.04865]

Final states: eµ, µτh, eτh

At least one b-tag.

Categorize based on mvisbττ ;
additional kinematic selection.
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σ) = 10 ττ bb→ aa→(h) B(hσ 

Extract signal using mvis
ττ

Estimate bkgs with simulation + fake factor.

Final states: µµ +(eµ, µτh, eτh, τhτh)

mvis
µµττ < 100–130 GeV; mvis

ττ < mµµ
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) = 0.01%τ2µ 2→ aa→B(h
2

τ/m2
µ) = mτ 2→)/B(aµ 2→B(a

Search for peak in mµµ.

Bkg: Mostly ZZ and Z/WZ + jets with
misidentified τ , estimated with simulation +
fake factor.
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H → aa→ bbττ/µµττ
[arXiv:1805.10191]
[arXiv:1805.04865]

Model-independent limits on σH
σSM
B(H → aa→ bbττ/µµττ).
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H → aa→ bbττ/µµττ
[arXiv:1805.10191]
[arXiv:1805.04865]

Model-dependent limits on σH

σSM
B(H → aa) for NMSSM models.
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h→ µµµµ [arXiv:1812.00380]

Search for h→ aa + X → µµµµ+ X .

h may or may not be SM Higgs.

2 µµ pairs, mµµ < 9 GeV.

mµµ1 and mµµ2 consistent.
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Dominant bkgs: bb̄, double-J/ψ, VV . Observe

13 evts, expect 9.90± 1.24± 1.84.
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h→ aa→ ττττ/ττµµ [CMS-HIG-18-006]

Require SS, widely-separated µ pair, each with
a nearby OS track.

Lorentz-boosted states

Well separated
same-sign muons

Plot masses of the two pairs and bin in 2D.
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H → ZdZd → 4` [arXiv:1802.3388]
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Run 2 ATLAS BBSM limits [ATLAS-CONF-2019-005]
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κZ 1.11± 0.08 > 0.87 at 95% CL 1.16+0.18
−0.13

κW 1.05± 0.09 > 0.85 at 95% CL 1.12+0.18
−0.15

κb 1.03+0.19
−0.17 0.88± 0.13 1.08+0.25

−0.20

κt 1.09+0.15
−0.14 [−1.03,−0.79] ∪ [0.93, 1.24] at 68% CL 1.14+0.19

−0.18

κτ 1.05+0.16
−0.15 0.97± 0.13 1.12+0.23

−0.21

κγ 1.05± 0.09 0.98± 0.07 1.10+0.19
−0.13

κg 0.99+0.11
−0.10 1.01+0.13

−0.11 1.02+0.22
−0.13

Binv - < 0.30 at 95% CL -

Bundet - < 0.22 at 95% CL -

BBSM - - < 0.47 at 95% CL

68% CL: 
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