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Higgs Boson Decays

• Higgs boson observed as a resonance in 
several decay channels 
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Higgs boson branching 
ratios in the SM

mH = 125 GeV

LHC Higgs XS WG 
• 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 
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Available measurements 
are only able constrain 

BSM decays to ~ < 25%

SM Higgs Boson Decays
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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 

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

decay modes
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one new scalar 
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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, arXiv:1511.02938 
C. Boehm et al. arXiv:1401.6458

Profumo, Ramsey-Musolf, Shaughnessy, JHEP 0708, 010 (2007) arXiv: 0705.2425, 
and many others

(Higgs & a) bosons

EW Baryogenesis
EW symmetry breaking as a 

1st order phase transition

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

More on axions later…
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BSM Decays and Couplings
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Higgs Decays to new particles 

X and Y are SM particles

Flavor violating couplings
lepton decays

h
τ 
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FV in quark sector also considered

h
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Invisible DecaysLong lived particles (LLP)
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Many possible 
signatures that 

are sensitive to a 
broad range of 
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BSM Decays and Couplings

 7

h a

a

X
X
Y
Y

Higgs Decays to new particles 

X and Y are SM particles

Flavor violating couplings
lepton decays

h
τ 

e,μ 

FV in quark sector also considered

h
e 

μ 

Invisible Decays

h
X

X

X gives ETmiss signature 

Long lived particles (LLP)

Many possible 
signatures that 

are sensitive to a 
broad range of 

lifetimes

f
f
f
f
f
f

h
X 

(LLP)

X 
(LLP)



Verena Martinez Outschoorn — January, 2019

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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Comprehensive review
exotichiggs.physics.sunysb.edu 

Example benchmark SM+S model

http://exotichiggs.physics.sunysb.edu
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Higgs to Light Scalars: h→2a→4μ 
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• 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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target 2mμ ≲ ma ≲ mτSignal
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Higgs to Light Scalars: h→2a→4μ 
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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 

• 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
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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 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 
JHEP3(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
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Higgs to Light Scalars: Summary
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Results are model dependent → assume BR(a→XX) 
  

Example benchmark model 2HDM+S Type I
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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 II, tan β = 5Type II, tan β = 0.5
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Analyses starting to probe interesting region  
→ stay tuned for updates with full 13 TeV dataset
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Axion-Like Particles (ALPs) 

Couplings of an axion-like particle a to the 
SM are described by
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Example:  ALP decay into photons
❖ Including the complete set of one-loop corrections, we 

obtain from the effective Lagrangian:

where                         and:

Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields (dotted
line). The last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include
the on-shell wave-function renormalization factor for the external photon fields.

3 ALP decays rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (3) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We obtain
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electric charge (in units of e) of the fermion f . The loop functions read
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The fermionic loop function has the property that B1(⌧f ) ⇡ 1 for light fermions with mass

mf ⌧ ma, while B1(⌧f ) ⇡ �
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f
for heavy fermions (mf � ma). It follows that each

electrically charged fermion lighter than the ALP (if those exist) adds a contribution of order
cff/(16⇡2) to the e↵ective Wilson coe�cient Ce↵

�� . Even if the original coe�cient C�� were
to vanish for some reason, these loop contributions would induce an e↵ective coe�cient Ce↵

��

at one-loop order. We emphasize that the contributions of light quarks to Ce↵
�� cannot be
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internal boson lines represent charged W bosons and the associated charged Goldstone fields (dotted
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the on-shell wave-function renormalization factor for the external photon fields.
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Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧�Z(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

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 m2

a v
4
/⇤6. Alternatively, if Dirac

neutrino mass terms are added to the SM, the corresponding couplings in (8) 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 the 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.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise
to ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions
in (4) are needed to parametrize the exotic decays of Higgs bosons into final states involving
an ALP. In computing the various decay rates, we include the tree-level contributions from
the relevant operators as well as the one-loop contributions induced by fermion loops to final
states involving bosons. These are often numerically important, and they can be dominant in
new-physics models where the coe�cients CV V in (1) (with V = g,W,B) are loop suppressed.
In some cases we also include bosonic loop corrections where relevant.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
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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

2 ALP production and decays

2.1 E↵ective Lagrangian

An ALP is a light scalar which is a singlet under the SM gauge group and odd under CP. The
ALP Lagrangian respects a shift symmetry, which is only softly broken by a mass term. Its
leading interactions with the SM particles are described by dimension-5 operators [49]

Le↵ =
1

2
(@µa)(@

µa) �
m2

a

2
a2 +

X

f

cff
2

@µa

⇤
f̄�µ�5f

+ g2s CGG
a
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GA

µ⌫ G̃
µ⌫,A + g2 CWW

a

⇤
WA

µ⌫ W̃
µ⌫,A + g0 2 CBB

a

⇤
Bµ⌫ B̃

µ⌫ ,

(1)

where the couplings to fermions cff are assumed to be flavor universal, and ⇤ sets the char-
acteristic scale of global symmetry breaking. The commonly used axion decay constant fa is
related to our new-physics scale by ⇤/|Ce↵

GG| = 32⇡2fa. ALPs can obtain part of their mass
from non-perturbative dynamics but need additional explicit breaking of the shift symmetry
to be heavier than the QCD axion.1 In the absence of an explicit breaking term, the QCD
axion is defined by a strict relation between its mass and decay constant, ma / f⇡m⇡/fa, with
f⇡ and m⇡ the pion decay constant and mass, respectively. For ALPs such a strict relation
does not apply, since ma and fa are independent parameters.

In the broken phase of the electroweak symmetry, the ALP couples to the photon and the
Z boson as

Le↵ 3 e2 C��
a

⇤
Fµ⌫ F̃

µ⌫ +
2e2

swcw
C�Z

a

⇤
Fµ⌫ Z̃

µ⌫ +
e2

s2wc
2
w

CZZ
a

⇤
Zµ⌫ Z̃

µ⌫ . (2)

The relevant Wilson coe�cients are given by

C�� = CWW + CBB, C�Z = c2w CWW � s2w CBB, CZZ = c4w CWW + s4w CBB , (3)

where sw and cw are the sine and cosine of the weak mixing angle, respectively. The exotic
decay Z ! �a is governed by the Wilson coe�cient C�Z .

Note that the anomaly equation for the divergence of the axial-vector current allows us to
rewrite the ALP-fermion couplings in (1) in the form

cff
2

@µa

⇤
f̄�µ�5f = �cff

mf

⇤
a f̄ i�5f + cff

N f
c Q

2
f

16⇡2

a

⇤
e2Fµ⌫ F̃

µ⌫ + . . . , (4)

where the dots represent similar terms involving gluons and weak gauge fields [25]. This is
instructive to relate results obtained for the ALP with analogous, and maybe more familiar,
results derived for a CP-odd Higgs boson. E.g. the first term on the right-hand side is now of
the same form as the coupling of a CP-odd Higgs to fermions.

Interactions with the Higgs boson, �, appear only at dimension-6 and higher,

L
D�6
e↵ =

Cah

⇤2
(@µa)(@

µa)�†�+
CZh

⇤3
(@µa)

�
�† iDµ �+ h.c.

�
�†�+ . . . , (5)

1
Models in which the SM gauge symmetry is extended can also lead to larger ALP masses [37, 50–52].

3

[Georgi, Kaplan, Randall 1986]

From M. Neubert

See presentation by M. Neubert at workshop last Friday

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

��-� ��-� ��-� � ���

���

�

��-�

��-�

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)]
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h

a

a

γ
γ
g
g

ALP-like Signatures: h→2a→2γ2j 
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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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Models with Exotic Decays to Vector Fields (ZdZd)

• Models with additional U(1)D gauge 
symmetry predict a new vector field 
(Z-dark, Zd)  

• Phenomenologically, it has been used 
to explain the muon anomalous 
magnetic moment and anomalous 
cosmic ray spectra in experiments like 
PAMELA and AMS

e!e", Μ!Μ"

Τ
!
Τ
"

c c

b b

light hadrons

ΝΝ

10 20 30 40 50 60
0.0

0.1

0.2

0.3

0.4

0.5

mZD

B
r

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

H

Zd

Zd

κ S

Higgs mixing 
parameter

exotichiggs.physics.sunysb.edu 

http://exotichiggs.physics.sunysb.edu
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 4l→ XX →H 

• Similar strategy as 4μ, but including 
4e and 2e2μ categories

• Main backgrounds electroweak 
processes (ZZ, h→ZZ*, etc)
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BSM Decays and Couplings

 25

h a

a

X
X
Y
Y

Higgs Decays to new particles 

X and Y are SM particles

Flavor violating couplings
lepton decays

h
τ 

e,μ 

FV in quark sector also considered

h
e 

μ 

Invisible Decays

h
X

X

X gives ETmiss signature 

Long lived particles (LLP)

Many possible 
signatures that 

are sensitive to a 
broad range of 

lifetimes

f
f
f
f
f
f

h
X 

(LLP)

X 
(LLP)
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Motivating LLPs

• 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]

 26

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

⇠ g2
✓
mn �mp

mW

◆4

(mn �mp)⇠ g2
✓

m

mW

◆4

m

⇠ y2em

h ! e+e�

GMSB

Split SUSY Pure 
gauginos

RPV
Hidden 
Valley

Stealth 
SUSY

4 From N. Craig

See presentation by N. Craig at workshop last Thursday



Verena Martinez Outschoorn — January, 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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Higgs to Light Scalars: h→2a→4b  
Long-Lived Interpretation
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Dedicated 
long-lived 
searches

displaced 
vertex 
sweet 
spot

This result
arXiv:1806.07355

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

 29

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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• 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
f
f
f
f
f

h
X 

(LLP)

X 
(LLP)

H
a

a

µ

µ̄

µ̄

µ

Signal
• Strategy  

• Search for multitrack 
displaced vertices in 
muon system  

• No tracks in inner detector 
nor calorimeter signals

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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Phys. Rev. D 92, 
012010 (2015)

JINST 9 (2014) P02001

JINST 8 (2013) P07015 
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LL Decays: h → displaced jets in calorimeter

 32

ℓ+

ℓ- h H
a

a

µ

µ̄

µ̄

µ

Signal

ZD 
(LLP)

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

H a
b

b

b

b

ν

W ∗

l±

a

W±q

q′

Z

q
q

• Strategy  
• Search narrow jets with 

low ECal energy &     
no associated tracks 

• Low backgrounds             
→ non-collision: cosmics, 
beam halo, …
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BSM Decays and Couplings
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h a

a

X
X
Y
Y

Higgs Decays to new particles 

X and Y are SM particles

Flavor violating couplings
lepton decays

h
τ 

e,μ 

FV in quark sector also considered

h
e 

μ 

Invisible Decays

h
X

X

X gives ETmiss signature 

Long lived particles (LLP)

Many possible 
signatures that 

are sensitive to a 
broad range of 

lifetimes

f
f
f
f
f
f

h
X 

(LLP)

X 
(LLP)
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Invisible Decays

 34

High pT jet recoiling 
against large ETmiss 

largest σ 
low S/B

medium σ 
high S/B

Dijet system with  
large rapidity gap - Δη(j1,j2)  

large dijet mass - mjj 

Z→ℓℓ: smallest σ 
high S/B

2 OS/SF leptons (e+e-/μ+μ-) 
Invariant mass close to mZ 

W/Z→qq: medium σ 
medium S/B

resolved or boosted jets

Many analyses targeting different Higgs 
production modes 

VBF W/Z H

gg fusion
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Invisible Decays

 35

VBF
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• Strategy → focus on VBF - most sensitive 
• Search for dijet events with large rapidity gap 

Δη(j1,j2) and large mass mjj & MET 
• Major challenge for trigger 

• Large backgrounds, mainly Z and W bosons -split 
into strong and EW components
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Figure 2: The observed and expected upper limits on BH!inv at 95% CL from direct searches for invisible decays
of the 125 GeV Higgs boson and statistical combinations.
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Figure 3: Comparison of the upper limits at 90% CL from direct detection experiments [55–59] on the spin-
independent WIMP-nucleon scattering cross section to the observed exclusion limits from this analysis, assuming
that the DM particle is either a scalar or a fermion. The regions above the limit contours are excluded in the range
shown in the plot.

region is subject to uncertainties in the modelling the nuclear recoil and is therefore not shown explicitly
in Figure 3.

In summary, direct searches for invisible Higgs boson decays using up to 36.1 fb�1 of pp collision data atp
s = 13 TeV recorded in 2015 and 2016 in the VBF [33], Z H [34], and V H [35] topologies are statistically

combined assuming SM-like Higgs boson production, and an upper limit on the invisible Higgs branching
ratio of BH!inv < 0.38 (0.21+0.08

�0.06) is observed (expected) at 95% CL. A statistical combination of this
result with the combination of direct H ! inv searches using up to 4.7 fb�1 of pp collision data at

6

Invisible Decays Summary

 36

For σSM B(H→inv) < 26 (17)% observed (expected) 

VBF

      

                      

W/Z H

ATLAS-CONF-2018-054

similar results from CMS arXiv:1809.05937
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Future Prospects
Projections to HL-LHC and especially to future 

colliders shows major gains in sensitivity 

Mixed modes largely uncovered at the LHC 

 37

EXPLORING NEW PHYSICS 31

Decay 95% CL limit on BR
Mode LHC (current) LHC (projections) CEPC

E
miss
T 0.23 0.056 0.0030

(bb̄) + E
miss
T – [0.2] 1⇥10�4

(jj) + E
miss
T – – 4⇥10�4

(⌧+
⌧

�) + E
miss
T – [1] 8⇥10�5

bb̄ + E
miss
T – [0.2] 2⇥10�4

jj + E
miss
T – – 5⇥10�4

⌧
+
⌧

� + E
miss
T – – 8⇥10�5

(bb̄)(bb̄) 1.7 (0.2) 6⇥10�4

(cc̄)(cc̄) – (0.2) 8⇥10�4

(jj)(jj) – [0.1] 2⇥10�3

(bb̄)(⌧+
⌧

�) [0.1] [0.15] 4⇥10�4

(⌧+
⌧

�)(⌧+
⌧

�) [1.2] [0.2 ⇠ 0.4] 2⇥10�4

(jj)(��) – [0.01] 1⇥10�4

(��)(��) [7⇥10�3] 4⇥10�4 8⇥10�5

Table 2.1: The current and projected limits on Higgs boson exotic decay modes for the (HL-)LHC and
CEPC with 5.6 ab�1 integrated luminosity, based upon results from Ref. [117]. In the first column,
the particles in the same parenthesis are decay products of an intermediate resonance. The projections
for the future runs of the LHC are collected in the third column, where the limits for 100 fb�1 and 300
fb�1 alone are shown in parentheses and square brackets, respectively.
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Figure 2.18: The 95% CL upper limit on selected Higgs exotic decay branching fractions at HL-LHC
and CEPC, based on Ref. [117]. The benchmark parameter choices are the same as in Table 2.1. The
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bars further include extrapolation with the inclusion of the hadronic decays of the spectator Z-boson.
Several vertical lines are drawn in this figure to divide different types of Higgs boson exotic decays.
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13 TeV: Br(H⇾μτ)<0.25% (0.25% expected) 
Br(H⇾eτ)<0.61% (0.37% expected)
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13 TeV: Br(H⇾μτ)<26%

Taus reconstructed in 4 channels 
(ℓτe, ℓτμ, ℓτh1, ℓτh3)  
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Search for lepton-flavour-violating

decays of Higgs-like bosons
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Abstract

A search is presented for a Higgs-like boson with mass in the range 45 to 195GeV/c2

decaying into a muon and a tau lepton. The dataset consists of proton-proton
interactions at a centre-of-mass energy of 8TeV, collected by the LHCb experi-
ment, corresponding to an integrated luminosity of 2 fb�1. The tau leptons are
reconstructed in both leptonic and hadronic decay channels. An upper limit on the
production cross-section multiplied by the branching fraction at 95% confidence
level is set and ranges from 22 pb for a boson mass of 45GeV/c2 to 4 pb for a mass
of 195GeV/c2.
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Figure 1: Invariant-mass distributions for the µ±
⌧
⌥ candidates for the four decay channels (from

top to bottom: µ⌧e, µ⌧h1, µ⌧h3, µ⌧µ) and the three selections (from left to right: L-selection,
C-selection, H-selection). The distribution of candidates observed (black points) is compared
with backgrounds (filled colour, stacked), and with signal hypothesis (cyan). The signal is
normalised to

p
N , with N the total number of candidates in the corresponding data histogram.

These e�ciencies are obtained from simulated samples and data for each decay channel
and selection set, following the methods developed for the Z! ⌧

+
⌧
� measurement [37].

The acceptance obtained from the Powheg-Box generator is identical for the µ⌧e, µ⌧h3,
and µ⌧µ channels, varying from 1.0% for mH = 195GeV/c2 to 3.2% for mH = 75GeV/c2.
The reconstruction e�ciency, which is the product of contributions from trigger, tracking,
and particle identification, is in the range 40–70%, but only about 15% in the case of the
µ⌧h3 channel because of the limited tracking e�ciency for the low-momentum hadrons.
With the exception of the µ⌧µ channel, the selection e�ciency is 18–30% in the L-selection,
and 24–49% in the C-selection and H-selection. In the case of the µ⌧µ channel, the tighter
selection on the muon pT and impact parameter reduces the selection e�ciency to 10–15%.
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Figure 1: Invariant-mass distributions for the µ±
⌧
⌥ candidates for the four decay channels (from

top to bottom: µ⌧e, µ⌧h1, µ⌧h3, µ⌧µ) and the three selections (from left to right: L-selection,
C-selection, H-selection). The distribution of candidates observed (black points) is compared
with backgrounds (filled colour, stacked), and with signal hypothesis (cyan). The signal is
normalised to

p
N , with N the total number of candidates in the corresponding data histogram.

These e�ciencies are obtained from simulated samples and data for each decay channel
and selection set, following the methods developed for the Z! ⌧

+
⌧
� measurement [37].

The acceptance obtained from the Powheg-Box generator is identical for the µ⌧e, µ⌧h3,
and µ⌧µ channels, varying from 1.0% for mH = 195GeV/c2 to 3.2% for mH = 75GeV/c2.
The reconstruction e�ciency, which is the product of contributions from trigger, tracking,
and particle identification, is in the range 40–70%, but only about 15% in the case of the
µ⌧h3 channel because of the limited tracking e�ciency for the low-momentum hadrons.
With the exception of the µ⌧µ channel, the selection e�ciency is 18–30% in the L-selection,
and 24–49% in the C-selection and H-selection. In the case of the µ⌧µ channel, the tighter
selection on the muon pT and impact parameter reduces the selection e�ciency to 10–15%.
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Summary & Outlook
• Program of dedicated searches for 

non-standard decays of the Higgs 
boson ongoing 
• New light resonances 
• Long lived particles 
• Flavor violating couplings 
• Invisible decays 

• Signatures motivated by broad range of 
phenomenology 

• Need to continue to explore possibilities 
in as many channels as possible to 
cover full spectrum 

• For example: gaps in LLPs, mixed 
decays
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