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Motivations for New Light States
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Naturalness 

Strong CP problem 

Dark Matter
Light (pseudo-)scalars as 

mediators

Fermi-LAT 2015 
C. Boehm et al. 2014

Profumo, Ramsey-Musolf, Shaughnessy, 2007 and others

(Higgs & a) bosons

EW Baryogenesis
EW symmetry breaking as a 

1st order phase transition

Chacko, Goh, Harnik 2005 
Craig, Katz, Strassler, Sundrum 2015

Axion-like-particles 
Bauer, Neubert, Thamm 2017, 2018
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Searches for light scalars at the LHC

• Several searches at the LHC target light scalars  
• Covers both CP odd and even states → referred to as a-bosons here 

• Several strategies pursued
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X
a

a

mX > mh 

ma < mX/2

Exotic decays of the Higgs boson 
New opportunity since the Higgs 
discovery to search for Higgs portals 
→ Searches for on-shell decays with 
ma ~ 0.25 - 60 GeV 
→ Explore displaced decays for 
cases where light scalar is long lived 

Searches for light states in the 
decays of new heavy particles

Search for light state 
production directly

mh = 125 GeV 
ma ~ 0.5 - 60 GeV

h
a

a
and many other examples

a
a
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1 Introduction

b̄/t̄ (1)

b/t (2)

There is a theory which states that if ever anyone discovers exactly what the
Universe is for and why it is here, it will instantly disappear and be replaced by
something even more bizarre and inexplicable. There is another theory which
states that this has already happened.

Figure 1: The Universe

2 Conclusion

“I always thought something was fundamentally wrong with the universe” [1]

References

[1] D. Adams. The Hitchhiker’s Guide to the Galaxy. San Val, 1995.
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Challenges to Search for Light Scalars at the LHC
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Trigger

Often suffer from 
inadequate or low 
efficiency triggers 

→ requires 
dedicated triggers or  
possible solution is to 
explore final states in 
association with other 

objects

Reconstruction
Light states often result in low pT and overlapping 

decay products

ΔR(Y,Y) ~ 2 mX / pTX
X Y

Y

Backgrounds Large backgrounds from SM processes at low pT  
May also have unconventional signatures with non-collision backgrounds 

e.g. noise, instrumental effects, beam halo …

May be long-lived particle (LLP) → displaced decay

X
Y 

(LLP)

Y 
(LLP)

→ these signatures require dedicated techniques

γcτ measurable
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Uncertainty

ATLAS Preliminary
 4l→ ZZ* →H 

-113 TeV, 79.8 fb

• Higgs boson observed as a resonance in 
several decay channels 

• Many BSM theories predict additional decays 
• Higgs Portal models of dark matter  
• Theories of Neutral Naturalness  
• Models with an extended Higgs sector e.g. 2HDM+S, NMSSM 

Higgs Boson Decays

 5

mH = 125 GeV

LHC Higgs XS WG 

other
12%

ZZ*
3%
ττ
6%

WW*
21%

bb
58%

gg 8%  
cc 3% 
γγ 0.2%

Higgs boson branching 
ratios in the SM

ATLAS-CONF-2018-018
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Available measurements are only able 
constrain BSM decays to ≲ 22%

SM Higgs Boson Decays
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Higgs boson branching 
ratios in the SM

other
12%

ZZ*
3%
ττ
6%

WW*
21%

bb
58%

gg 8%  
cc 3% 
γγ 0.2%

mH = 125 GeV

LHC Higgs XS WG 

ATLAS-CONF-2019-005

 Parameter normalized to SM value 
2− 0 2 4 6 8

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 = 71%
SM

p           Total    Stat.   Syst.
γγggF   0.96  (  0.14±  ,  0.11±  ) 0.08−

 0.09+ 
ZZggF   1.04  (  0.15−

 0.16+  ,  0.14±  ) 0.06± 

WWggF   1.08  (  0.19±  ,  0.11±  ) 0.15± 

ττggF   0.96  (  0.52−
 0.59+  ,  0.36−

 0.37+  ) 0.38−
 0.46+ 

ggF comb.   1.04  (  0.09±  ,  0.07±  ) 0.06−
 0.07+ 

γγVBF   1.39  (  0.35−
 0.40+  ,  0.30−

 0.31+  ) 0.19−
 0.26+ 

ZZVBF   2.68  (  0.83−
 0.98+  ,  0.81−

 0.94+  ) 0.20−
 0.27+ 

WWVBF   0.59  (  0.35−
 0.36+  ,  0.27−

 0.29+  ) 0.21± 

ττVBF   1.16  (  0.53−
 0.58+  ,  0.40−

 0.42+  ) 0.35−
 0.40+ 

bbVBF   3.01  (  1.61−
 1.67+  ,  1.57−

 1.63+  ) 0.36−
 0.39+ 

VBF comb.   1.21  (  0.22−
 0.24+  ,  0.17−

 0.18+  ) 0.13−
 0.16+ 

γγ VH   1.09  (  0.54−
 0.58+  ,  0.49−

 0.53+  ) 0.22−
 0.25+ 

ZZ VH   0.68  (  0.78−
 1.20+  ,  0.77−

 1.18+  ) 0.11−
 0.18+ 

bb VH   1.19  (  0.25−
 0.27+  ,  0.17−

 0.18+  ) 0.18−
 0.20+ 

 comb.VH   1.15  (  0.22−
 0.24+  ,  0.16±  ) 0.16−

 0.17+ 
γγ tH+ttH   1.10  (  0.35−

 0.41+  ,  0.33−
 0.36+  ) 0.14−

 0.19+ 
VV tH+ttH   1.50  (  0.57−

 0.59+  ,  0.42−
 0.43+  ) 0.38−

 0.41+ 
ττ tH+ttH   1.38  (  0.96−

 1.13+  ,  0.76−
 0.84+  ) 0.59−

 0.75+ 
bb tH+ttH   0.79  (  0.59−

 0.60+  ,  0.29±  ) 0.52± 

 comb.tH+ttH   1.21  (  0.24−
 0.26+  ,  0.17±  ) 0.18−

 0.20+ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/
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Exotic Higgs Decays
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Higgs decays in the SM are suppressed by small Yukawa couplings, loops, or 
multi-body phase space  

Dominant decay to b-quarks suppressed by tiny coupling yb ~ 0.017 v/2 

even a small coupling to another light 
state can open up additional sizable 

decay modes
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Phys. Rev. D 90, 075004 (2014)  
arXiv:1312.4992

Simple example: 
one new scalar 
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Higgs Decays to Light (Pseudo-)Scalars
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pair Br:SM Yukawas 
Phys. Rev. D 90, 075004 (2014)  

arXiv:1312.4992
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bbΜΜ
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4b

2b2μ
2τ2μ 4μ 

b-jets and taus 
largest BR

adding muons 
small BR

h a

a

X
X
Y
Y

2τ2b4τ

Comprehensive review
exotichiggs.physics.sunysb.edu 

Example benchmark SM+S model

http://exotichiggs.physics.sunysb.edu
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Higgs Decays to Light (Pseudo-)Scalars
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pair Br:SM Yukawas 
Phys. Rev. D 90, 075004 (2014)  

arXiv:1312.4992
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4b

2b2μ
2τ2μ 4μ 

b-jets and taus 
largest BR

adding muons 
small BR

challenging signatures because decay 
products are low pT and may be overlapping h a

a

X
X
Y
Y

2τ2b4τ

Comprehensive review
exotichiggs.physics.sunysb.edu 

Example benchmark SM+S model

http://exotichiggs.physics.sunysb.edu


Verena Martinez Outschoorn — April, 2019

Higgs to Light Scalars: h→2a→4μ 
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H
a

a

µ

µ̄

µ̄

µ
h

a

a

μ
μ 
μ
μ

• Strategy  
• Events with 4 muons 
• Search for excess in pairs of similar 

mass m1 μμ ~ m2 μμ 
• Main backgrounds bb and J/Ψ events
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arXiv:1812.00380

target 2mμ ≲ ma ≲ mτSignal
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Higgs to Light Scalars: h→2a→4μ 
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H
a

a

µ

µ̄

µ̄

µ
h

a

a

μ
μ 
μ
μ

target 2mμ ≲ ma ≲ mh/2
• Strategy  

• Events with 4 muons 
• Search for excess in dimuon pairs of 

similar mass m12 ~ m34 with m4μ ~ mh

• Main backgrounds bb and J/Ψ events &  
electroweak processes (ZZ, h→ZZ*, etc)

Signal

JHEP 06 (2018) 166 arXiv:1802.03388
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Higgs to Light Scalars: h→2a→2μ2τ or 4τ 

• Strategy  
• Events with 2 same-sign charge 

muons and 2 tracks 
• 2D search in m1(μ,trk) m2(μ,trk) plane 

• Main backgrounds QCD multijets - b-jets
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a

a μ or τ→ μ  
τ → trk 

target 2mτ ≲ ma ≲ 15 GeV
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Higgs to Light Scalars: h→2a→2μ2τ 

• Strategy  
• Events with 2 muons and 2 taus (e,μ,τh)   
• Search for excess in dimuon spectrum 

• Main backgrounds misidentified τ & ZZ
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JHEP 11 (2018) 018 arXiv:1805.04865
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Higgs to Light Scalars: h→2a→2μ2b 

• Strategy  
• Events with 2 muons and 2 b-jets 
• Search for excess in dimuon spectrum 

• Main backgrounds Z+jets and tt
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Higgs to Light Scalars: h→2a→2μ2b 

• Strategy  
• Events with 2 muons and 2 b-jets 
• Search for excess in dimuon spectrum 

• Main backgrounds Z+jets and tt

 15Assume SM σh
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Higgs to Light Scalars: h→2a→4b 
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Trigger
Signal

~4 b-jets

target 2mb ≲ ma ≲ mh/2

• Strategy  
• Events with 1/2 leptons & 3/4 b-jets 
• Use multivariate technique and 

complex background modeling 
• Main backgrounds Z+heavy flavor & 

tt+heavy flavor
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Benchmark Models: 2HDM+S
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Type II, tan β = 5Type II, tan β = 0.51 10
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• Type I: all fermions 
couple to H2 

• Type II: MSSM-like, 
dR and eR couple to 
H1, uR to H2  

• Type III: lepton-
specific, leptons/
quarks couple to H1/
H2 respectively  

• Type IV: flipped, with 
uR, eR coupling to H2 
and dR to H1 

From LHC Higgs XS 
WG on Exotic Decays

New calculations 
including quarkonia 

regions  
JHEP 3 (2018) 178 
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Type III, tan β = 52HDM+S Models
• Type I: all fermions 

couple to H2 
• Type II: MSSM-like, 

dR and eR couple to 
H1, uR to H2  

• Type III: lepton-
specific, leptons/
quarks couple to H1/
H2 respectively  

• Type IV: flipped, with 
uR, eR coupling to H2 
and dR to H1 
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Type IV, tan β = 5Type IV, tan β = 0.5

From LHC Higgs XS 
WG on Exotic Decays

BR
(a
→

XX
)

ma [GeV]

BR
(a
→

XX
)

ma [GeV]

New calculations 
including quarkonia 

regions 
JHEP3(2018)178 
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Higgs to Light Scalars: Summary

 19

Results are model dependent → assume BR(a→XX) 
  

Example benchmark model 2HDM+S Type I

1 10

 [GeV]am

4−10

3−10

2−10

1−10

1

10

210

310

410

510

610

 a
a)

→
 B

(H
×

SM
σ

H
σ

95
%

 C
L 

on
 

60

2HDM+S Type-I

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs: Run 2

-1 = 8 TeV, 20.3 fbs: Run 1
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Summary 2HDM+S
• Type I: all fermions 

couple to H2 
• Type II: MSSM-like, 

dR and eR couple to 
H1, uR to H2  

• Type III: lepton-
specific, leptons/
quarks couple to H1/
H2 respectively  

• Type IV: flipped, with 
uR, eR coupling to H2 
and dR to H1 
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Type III, tan β = 5
• Type I: all fermions 

couple to H2 
• Type II: MSSM-like, 

dR and eR couple to 
H1, uR to H2  

• Type III: lepton-
specific, leptons/
quarks couple to H1/
H2 respectively  

• Type IV: flipped, with 
uR, eR coupling to H2 
and dR to H1 
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Type IV, tan β = 5Type IV, tan β = 0.5

Type III, tan β = 0.5
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Higgs to Light Scalars: Summary
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Analyses starting to probe interesting region  
→ stay tuned for updates with full 13 TeV dataset
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40 GeV tan β = 2
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Axion-Like Particles (ALPs) at the LHC
Couplings of an axion-like particle a to the SM can be described 

by a SM effective field theory

 23

Pattern of decay rates
❖ Assuming that the relevant Wilson coefficients are equal 

to 1/TeV, we find the following pattern of decay rates: 
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Figure 3: ALP decay rates into pairs of SM particles obtained by setting the relevant e↵ective
Wilson coe�cients to 1 (top), or by setting the ALP–fermion couplings to 1 and the ALP–boson
couplings to 1/(4⇡2) (bottom). The gray area between 1 and 3GeV shows the region in which
various exclusive hadronic (and di�cult to calculate) decay channels such as a ! ⇢⇢ open up. In
this interval the rate �(a ! hadrons) is expected to interpolate between the black and red lines. The
rates for decays into heavy-flavor jets are shown separately.

with CF = 4/3. The perturbative calculation of this expression can be trusted as long as
ma � ⇤QCD and mq � ⇤QCD. For the light quarks, the appropriate infrared scale is not the
quark mass but a typical hadronic scale such as m⇡. We have derived the estimate (16) by
using the above result for the gluon contribution to cqq in (13).

3.4 Summary of ALP decay modes

Above we have presented an overview of possible ALP decay modes into SM particles. The
upper panel in Figure 3 shows the various decay rates for a new-physics scale ⇤ = 1TeV as a
function of the ALP mass, under the assumption that the relevant coe�cients |C

e↵

�� |, |C
e↵

GG| and
|c

e↵

ff | are all equal to 1. For di↵erent values of these parameters, the rates need to be rescaled by
factors (|Ce↵

ii |/⇤)2. For example, in the lower panel we assume that the ALP–boson couplings
are loop suppressed. If all Wilson coe�cients are of the same magnitude and the ALP is
lighter than the pion (or if it does not couple to colored particles at all), the dominant decay
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Several interesting channels at the LHC 
e.g. h→aa→4g, 4γ, 2γ2g

3

where �(x, y) = (1� x� y)2 � 4xy, and we have defined

CZh ⌘ C(5)
Zh + v2

2⇤2 C
(7)
Zh . Integrating out the top-quark

yields the one-loop contributions �CZh ⇡ �0.016 ctt and
�Cah ⇡ 0.173 c2tt [23]. For natural values of the Wilson
coe�cients the rates in (6) can give rise to large branch-
ing ratios. For instance, one finds Br(h ! Za) = 0.1
for |CZh|/⇤ ⇡ 0.34TeV�1 and Br(h ! aa) = 0.1
for |Cah|/⇤2

⇡ 0.62TeV�2. Even in the absence of
large tree-level contributions, the loop-induced top-quark
contribution yields Br(h ! aa) = 0.01 for |ctt|/⇤ ⇡

1.04TeV�1, while a combination of the top-quark contri-

bution and the dimension-7 contribution from C(7)
Zh can

give Br(h ! Za) = O(10�3) without tuning. With
such rates, large samples of ALPs will be produced
in Run-2 of the LHC. The model-independent bound
Br(h ! BSM) < 0.34 derived from the global analysis
of Higgs couplings [29] implies |CZh|/⇤ . 0.72TeV�1

and |Cah|/⇤2 < 1.34TeV�2 at 95% CL.
If the ALP is light or weakly coupled to SM fields,

its decay length can become macroscopic, and hence
only a small fraction of ALPs decay inside the detec-
tor. Since to good approximation Higgs bosons at the
LHC are produced along the beam direction, the average
decay length of the ALP perpendicular to the beam is
L?
a (✓) = sin ✓ �a�a/�a, where ✓ is the angle of the ALP

with respect to the beam axis in the Higgs-boson rest
frame, �a and �a are the usual relativistic factors in that
frame, and �a is the total decay width of the ALP. If the
ALP is observed in the decay mode a ! XX̄, we can
express its total width in terms of the branching fraction
and partial width for this decay, i.e.

L?
a (✓) = sin ✓

p
�2
a � 1

Br(a ! XX̄)

�(a ! XX̄)
. (7)

The boost factor is �a = (m2
h � m2

Z + m2
a)/(2mamh)

for h ! Za and �a = mh/(2ma) for h ! aa. As a
consequence, only a fraction of events given by

fdec = 1�
D
e�Ldet/L

?
a (✓)

E
, (8)

where the brackets mean an average over solid angle, de-
cays before the ALP has traveled a distance Ldet set by
the relevant detector components. We define the e↵ective
branching ratios

Br(h ! Za ! `+`�XX̄)
��
e↵

= Br(h ! Za)

⇥ Br(a ! XX̄) fdec Br(Z ! `+`�) , (9)

Br(h ! aa ! 4X)
��
e↵

= Br(h ! aa) Br(a ! XX̄)2 f2
dec ,

where Br(Z ! `+`�) = 0.0673 for ` = e, µ. If the
ALPs are observed in their decay into photons, we re-
quire Ldet = 1.5m, such that the decay occurs be-
fore the electromagnetic calorimeter. For a given value
of the Wilson coe�cients CZh or Cah, we can now
present the reach of high-luminosity LHC searches for

��-� ��-� ��-� � ���

���

�
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FIG. 3. Constraints on the ALP mass and coupling to pho-
tons derived from various experiments (colored areas without
boundaries, adapted from [5]) along with the parameter re-
gions (shaded in light green) that can be probed in LHC Run-
2 (300 fb�1 integrated luminosity) using the Higgs decays h !
Za ! `+`��� (top) and h ! aa ! 4� (bottom). We require
at least 100 signal events in each channel. The contours in
the upper panel correspond to |CZh|/⇤ = 0.72TeV�1 (solid),
0.1TeV�1 (dashed) and 0.015TeV�1 (dotted). Those in the
lower panel refer to |Cah|/⇤2 = 1TeV�2 (solid), 0.1TeV�2

(dashed) and 0.01TeV�2 (dotted). The red band shows the
preferred parameter space where the (g�2)µ anomaly can be
explained at 95% CL.

[Bauer, Neubert, Thamm: 1704.08207, 1708.00443, 1808.10323 (+Heiles)]

Expected 
sensitivity 
of h→4γ  

with 300 fb-1

all couplings = 1/TeV

only if the e↵ective Lagrangian contains an explicit mass term for the ALP. Its e↵ect is
suppressed, relative to the first term, by a factor m

2

a,0/m
2

h. The third term is the leading
operator mediating the decay h ! Za at tree level [47]. These decay modes will be of
particular interest to our discussion in Section 5.

After electroweak symmetry breaking (EWSB), the e↵ective Lagrangian (1) contains cou-
plings of the pseudoscalar a to ��, �Z and ZZ. The relevant terms read

L
D5

e↵
3 e

2
C��

a

⇤
Fµ⌫ F̃

µ⌫ +
2e2

swcw
C�Z

a

⇤
Fµ⌫ Z̃

µ⌫ +
e
2

s2wc
2
w

CZZ
a

⇤
Zµ⌫ Z̃

µ⌫
, (7)

where sw = sin ✓w and cw = cos ✓w, and we have defined

C�� = CWW + CBB , C�Z = c
2

w CWW � s
2

w CBB CZZ = c
4

w CWW + s
4

w CBB . (8)

The fermion mass terms resulting after EWSB are brought in diagonal form by means of field
redefinitions, such that U †

u Yu Wu = diag(yu, yc, yt) etc. Under these field redefinitions the
matrices CF transform into new matrices

KU = U †
u CQ Uu , KD = U †

d CQ Ud , KE = U †
e CL Ue ,

Kf = W †
f Cf Wf ; f = u, d, e .

(9)

In any realistic model these couplings must have a hierarchical structure in order to be con-
sistent with the strong constraints from flavor physics. We will discuss the structure of the
flavor-changing ALP couplings in a companion paper [56]. For now we focus on the flavor-
diagonal couplings. Using the fact that the flavor-diagonal vector currents are conserved, we
can rewrite the relevant terms in the Lagrangian in the form

L
D5

e↵
3

X

f

cff

2

@
µ
a

⇤
f̄�µ�5f , (10)

where the sum runs over all fermion mass eigenstates, and we have defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (11)

ALP couplings to neutrinos do not arise at this order, because the neutrino masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case, where no
small coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would
be suppressed, relative to the a ! �� rate, by a factor of order m

2

a v
4
/⇤6. Alternatively, if

Dirac neutrino mass terms are added to the SM, the corresponding couplings in (10) yield a
a ! ⌫⌫̄ decay rate proportional to m

2

⌫ . In either way, for ⇤ in the TeV range or higher, this
decay rate is so strongly suppressed that if an ALP can only decay into neutrinos (e.g. since
it is lighter than 2me and its coupling to photons is exactly zero for some reason) it would be
a long-lived particle for all practical purposes.

6

where cw ⌘ cos ✓w denotes the cosine of the weak mixing angle, and the last expression holds
in unitary gauge. Despite appearance, this operator does not give rise to a tree-level h ! Za

matrix element; the resulting tree-level graphs precisely cancel each other [47]. Indeed, a term
CZhOZh in the Lagrangian is redundant, because it can be reduced to the fermionic operators
in (1) using the equations of motion for the Higgs doublet and the SM fermions [47]. The field
redefinitions

� ! e
i⇠a

� , uR ! e
i⇠a

uR , dR ! e
�i⇠a

dR , eR ! e
�i⇠a

eR , (3)

with ⇠ = CZh/⇤, eliminate OZh and shift the flavor matrices CF of the SU(2)L singlet fermions
by1

Cu ! Cu � CZh 1 , Cd ! Cd + CZh 1 , Ce ! Ce + CZh 1 , (4)

while the matrices CQ and CL of the SU(2)L doublets remain unchanged. There are no addi-
tional contributions to the operators in (1) involving the gauge fields, because the combination
of axial-vector currents induced by the shifts in (4) is anomaly free.

In this work we will be agnostic about the values of the Wilson coe�cients. We will
show that ALP searches at high-energy colliders are sensitive to couplings Ci/⇤ ranging from
(1TeV)�1 to (100TeV)�1. In weakly-coupled UV completions one expects that the operators
describing ALP couplings to SM bosons have loop-suppressed couplings (see e.g. [53] for a
recent discussion). This is in line with estimates based on naive dimensional analysis, which
we briefly discuss in Appendix A. Departures from these estimates can arise in models involving
e.g. large multiplicities of new particles in loops. It is common practice in the ALP literature
to absorb potential loop factors that may arise into the Wilson coe�cients Ci. As we will
discuss in Section 4, the puzzle of the anomalous magnetic moment of the muon can be
resolved within our framework if C��/⇤ = O(1/TeV). Probing this region at colliders is thus
a particularly well motivated target [46]. We emphasize, though, that by using the search
strategies developed here it will be possible to probe even loop-suppressed couplings as long
as the new-physics scale ⇤ is in the TeV range.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [3, 4]. In
the absence of an explicit breaking, QCD dynamics generates a mass term given by [6, 54, 55]

ma, dyn ⇡ 5.7µeV


1012 GeV

fa

�
⇡ 1.8MeV |CGG|


1TeV

⇤

�
. (5)

When an explicit symmetry-breaking mass term ma,0 is included in the e↵ective Lagrangian
(1), the resulting mass squared m

2

a = m
2

a,0+m
2

a, dyn becomes a free parameter. We will assume
that ma ⌧ v. At dimension-6 order and higher, several additional operators can arise. The
ALP couplings to the Higgs field are those most relevant to our analysis. They are

L
D�6

e↵
=

Cah

⇤2
(@µa)(@

µ
a)�†

�+
C

0
ah

⇤2
m

2

a,0 a
2
�
†
�+

C
(7)

Zh

⇤3
(@µ

a)
�
�
†
iDµ �+ h.c.

�
�
†
�+ . . . . (6)

The first two terms are the leading Higgs portal interactions, which give rise to the decay
h ! aa. Note that the second term, which explicitly violates the shift symmetry, is allowed

1In addition, the coe�cient Cah of the Higgs-portal operator in (6) is shifted by Cah ! Cah � (CZh)2.

5
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ALP-like Signatures: h→2a→2γ2j 

 24

Trigger

Signal target 2mb ≲ ma ≲ mh/2
• Strategy  

• VBF selection: 2 jets with large rapidity 
gap Δη(j1,j2) & large mass mjj  

• Select 2 photons and 2 more jets with 
mγγ ~ mjj 

• Main backgrounds γγ+multiple jets

PLB 782 (2018) 750 arXiv:1803.11145

Before 
VBF 

selection
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Multi-photon Signatures: h/X→2a→4γ 
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Isolated 
photons

Fully merged Nearly-merged

From J. Beacham

sometimes 
called  

photon jets

Signal

X

a

a

γ

γ

γ

γ

a
g

g

X/h
a

a

γ
γ
γ
γ

8 TeV
arXiv: 1509.05051 

EPJC 76 (2016) 4, 210

7 TeV, for mX = 125 GeV
ATLAS-CONF-2012-079

13 TeV, for mX > 200 GeV
arXiv: 1808.10515 

PRD 99, 012008 (2019)

Not 
covered

Several searches targeting 
different regimes made possible 

due to trigger improvements
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Multi-photon Signatures: X→2a→4γ 
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Strategy 
• Focus on fully collimated regime multiple photons 

reconstructed as one photon 
• Resonance search in diphoton reconstructed mass mγγ

Main backgrounds 
from 2γ, γj, jj 
j→hadronic jet
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      Strategy 
• Search for a→2γ resonance in 

diphoton reconstructed mass 
mγγ 

• Categorize events according to 
expected sensitivity - use 
kinematic properties and mass 
resolution of γγ-system & γ ID 
variables 

• Main backgrounds from 2γ, γj, jj 
j→hadronic jet

Direct searches: a→2γ

 27
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      Strategy 
• Search for a→2γ resonance in 

diphoton reconstructed mass 
mγγ 

• Categorize events according to 
expected sensitivity - use 
kinematic properties and mass 
resolution of γγ-system & γ ID 
variables 

• Main backgrounds from 2γ, γj, jj 
j→hadronic jet 

• Slight excess observed maximal 
around mγγ ~ 95.3 GeV with 2.8 
(1.3) σ of local (global) significance

Direct searches: a→2γ

 28arXiv: 1811.08459
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      Strategy 
• Search for a→2γ resonance in 

diphoton reconstructed mass 
mγγ 

• Categorize events according to 
expected sensitivity - use 
kinematic properties and mass 
resolution of γγ-system & γ ID 
variables 

• Main backgrounds from 2γ, γj, jj 
j→hadronic jet 

• Slight excess observed maximal 
around mγγ ~ 95.3 GeV with 2.8 
(1.3) σ of local (global) significance

Direct searches: a→2γ
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arXiv: 1811.08459
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Direct searches: a→2μ + b-jets

• Strategy 
• Search for a→2μ in 

association with b-jet 
and an additional jet 

• Two samples based 
on additional jet  
• Forward |ηj| > 2.4  
• Central |ηj| < 2.4 

• Main backgrounds from 
low mass Drell-Yan and 
top quark pairs
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Direct searches: a→2μ + b-jets

• Strategy 
• Search for a→2μ in 

association with b-jet 
and an additional jet 

• Two samples based 
on additional jet  
• Forward |ηj| > 2.4  
• Central |ηj| < 2.4 

• Main backgrounds from 
low mass Drell-Yan and 
top quark pairs 

• Slight excess observed 
around mμμ ~ 28 GeV in 
8 TeV data, especially in 
2μ+b+ forward jet 
sample
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Direct searches: a→2μ + b-jets
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8 TeV

13 TeV13 TeV

2μ+b+  
forward jet

8 TeV

2μ+b+ 
central jet

2μ+b+ 
central jet

2μ+b+  
forward jet

• Strategy 
• Search for a→2μ in 

association with b-jet 
and an additional jet 

• Two samples based 
on additional jet  
• Forward |ηj| > 2.4  
• Central |ηj| < 2.4 

• Main backgrounds from 
low mass Drell-Yan and 
top quark pairs 

• Slight excess observed 
around mμμ ~ 28 GeV in 
8 TeV data, especially in 
2μ+b+ forward jet 
sample

JHEP 11 (2018) 161, arXiv: 1808.01890

4.2 σ local 2.9 σ local 

2.0 σ local 1.4 σ deficit 
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Motivating Long Lived Particles

• Many models motivating Higgs decays to LLPs, for example 
• NMSSM [Chang, Fox, Weiner 2005]  
• Hidden Valleys [Strassler, Zurek 2006; Han, Si, Strassler, Zurek 2007]  
• Twin Higgs [Chacko, Goh, Harnik 2005]  
• Fraternal twins [Craig, Katz, Strassler, Sundrum 2015]
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Long-Lived Particles
LLPs are generic 

in SM & BSM

Off-shell decay Small splitting Small coupling

E.g. small couplings, 
hierarchy of scales� ⇠ g2

⇣m

M

⌘n
m

⇡� ! µ�⌫̄µ n ! p e�⌫e
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✓
mn �mp

mW

◆4

(mn �mp)⇠ g2
✓

m
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◆4

m

⇠ y2em

h ! e+e�

GMSB

Split SUSY Pure 
gauginos

RPV
Hidden 
Valley

Stealth 
SUSY

4 From N. Craig



Verena Martinez Outschoorn — April, 2019

 [mm]aτc
1−10 1

4b
) 

→
aa

→
95

%
 C

L 
up

pe
r l

im
its

 o
n 

B(
H

0

0.5

1

1.5

2

2.5
ATLAS

-1 = 13 TeV, 36.1 fbs

Pr
om

pt

 = 20 GeVam
 = 30 GeVam
 = 60 GeVam

Observed
Expected

Higgs to Light Scalars: h→2a→4b  
Long-Lived Interpretation
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BR=1 

Assume 
SM σVH

Increased 
b-jet 

acceptance

JHEP 10 (2018) 031 
arXiv:1806.07355
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LLP Experimental Signatures

 35

Invisible Decays

h
X

X

X gives ETmiss signature 9

so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs

displaced 
multitrack vertices

multitrack vertices in the 
muon spectrometer

quasi-stable 
charged particles

trackless, 
low-EMF jets

emerging jets

non-pointing 
(converted) photons

disappearing or 
kinked tracks

From H. Russell

Many analyses from 
ATLAS, CMS & LHCb 
targeting range of LLP 
signatures & lifetimes 
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Long Lived Decays: h → displaced muons
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μ+

μ- h
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a (LLP)

H
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µ

µ̄
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µ

Signal
• Strategy  

• Search for displaced 
vertices (DV) in the muon 
system 

• No tracks in inner detector 
• Low backgrounds

Phys. Rev. D 99, 012001 (2019) arXiv:1808.03057
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  No inner detector track, but information in other subdetectors!

18

decays after the inner tracker

24 April 2017Heather Russell, McGill University

boosted, light LLPs produce collimated 
leptons (lepton-jet)

Di-muon vertex outside 
of the tracker

Muons without associated inner detector tracks are more susceptible to 
cosmic backgrounds, but can still provide robust analysis objects

Specialized trigger needed in both cases:

ATLAS-CONF-2016-042
CMS-PAS-EXO-14-012In ATLAS can detect dimuon DVs in large decay volume
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LL Decays: h → displaced jets in muon system
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f
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h
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(LLP)

a 
(LLP)

H
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µ

µ̄

µ̄

µ

Signal
• Strategy  

• Search for multitrack 
displaced vertices in 
muon system  

• No tracks in inner detector 
nor calorimeter signals

PRD 99, 052005 (2019), arXiv:1811.07370

atlas has tracking in the muon spectrometer that allows for 
hadronic track-finding in individual chambers 

then, look for multitrack vertices without inner detector 
tracks or calorimeter jets

25

decays in the muon system

24 April 2017Heather Russell, McGill University

specialized trigger selects events with large 
bunches of muon spectrometer activity

don’t need to rely on other hard activity
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LL Decays: h → displaced jets in calorimeter
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atlas can reconstruct long-lived particles decaying inside 
the calorimeters:

similar signature whether the LLP decays to hadrons or to 
collimated electrons (lepton-jets) – signature used for a 
huge range of LLP masses:  400 MeV to 400 GeV!

23

decays in the calorimeters

24 April 2017Heather Russell, McGill University

leave a narrow, low-EMF trackless jet

can exploit at trigger-level: allows 
sensitivity to lower mass LLP decays

fun, non-collision backgrounds include 
cosmic showers and beam halo no tracks

little or no 
ECal energy

large HCal 
deposit

JINST 8 (2013) P07015

more details:

arXiV 1902.03094

• Strategy  
• Search narrow jets with 

low ECal energy &     
no associated tracks 

• Main backgrounds multijet 
and beam-induced

q
qh or XH
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Signal
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(LLP)

q
q
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(LLP)

Related analysis with Z + displaced jet in backup

target 5 ≲ ma ≲ 400 GeV  
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displaced vertex sweet spot
Dedicated 
long-lived 
searches
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Summary & Outlook

• Program of searches for light scalar states at the LHC 
• New light resonances 
• Long lived particle signatures  

• Several strategies pursued 
• Exotic decays of the Higgs boson  
• Light states produced in the decays of new heavy particles  
• Direct or associated production of light states 

• Need to continue to explore possibilities to cover full spectrum of options 
• Uncovered channels & regions of phase space, gaps in LLPs, etc 
• Invisible decays → already being explored at the LHC 
• Mixed decays → largely uncovered so far 
• Other production channels e.g. tta  

• Signatures motivated by broad range of phenomenology 
• Benchmark models are very useful to guide analyses 
• Please let us know if you have suggestions for scenarios to cover!
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More results expected soon with full 13 TeV dataset

h a

a

f
f
X
X

ETmiss
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BACKUP

 41
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γ
γX

a

a

γ

γ

γ

γ

a
g

g

a

• Strategy 
• Search for a→2γ resonance in diphoton 

reconstructed mass mγγ 
• Categorize events based on conversions 

• Main backgrounds: γγ, γj, jj j→hadronic jet 
• No significant excess observed

Direct searches: a→2γ
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Signal target  
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13 TeV
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LL Decays: h → Z+displaced jet in calorimeter
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atlas can reconstruct long-lived particles decaying inside 
the calorimeters:

similar signature whether the LLP decays to hadrons or to 
collimated electrons (lepton-jets) – signature used for a 
huge range of LLP masses:  400 MeV to 400 GeV!

23

decays in the calorimeters

24 April 2017Heather Russell, McGill University

leave a narrow, low-EMF trackless jet

can exploit at trigger-level: allows 
sensitivity to lower mass LLP decays

fun, non-collision backgrounds include 
cosmic showers and beam halo no tracks

little or no 
ECal energy

large HCal 
deposit

JINST 8 (2013) P07015

more details:

arXiv:1811.02542

• Strategy  
• Search narrow jets with 

low ECal energy &     
no associated tracks 

• Low backgrounds             
→ non-collision: cosmics, 
beam halo, …
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Z-Dark Signatures: h→Zd Zd→4ℓ
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• Similar strategy as 4μ, but including 
4e and 2e2μ categories

• Main backgrounds electroweak 
processes (ZZ, h→ZZ*, etc)


