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Higgs boson
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•  Higgs boson discovered at mH = 124.98 ± 0.28  GeV 

•  All the measured properties (couplings, branching 
ratios…)  so far consistent with that of the Standard 
Model (SM) Higgs boson 

➡ However, there is still space for new physics in the 

Higgs sector!
in terms of the ratios of the production cross-sections for VBF, WH, ZH and ttH+tH normalized to that
of ggF and the ratios of the branching fractions into the ��, WW⇤, bb̄ and ⌧⌧ final states normalized to
that of H ! Z Z⇤.
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Figure 6: Results of a simultaneous fit for �ZZ

ggF , �VBF/�ggF, �WH/�ggF, �ZH/�ggF, �
ttH+tH/�ggF, B��/BZZ ,

BWW/BZZ , B⌧⌧/BZZ , and Bbb/BZZ . The fit results are normalized to the SM predictions. The black error
bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The grey bands show the theory uncertainties in the predictions.

Figure 6 and Table 6 show the measurements of �ZZ

ggF , �VBF/�ggF, �WH/�ggF, �ZH/�ggF, �
ttH+tH/�ggF,

B��/BZZ , BWW/BZZ , B⌧⌧/BZZ , and Bbb/BZZ . The correlations between the measured parameters are
summarized in Figure 7. The compatibility between the measurements and the SM predictions corresponds
to a p-value of pSM = 83%.
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H decays

Illinois 
ChangIntroduction

3

bb WW* ggττ cc ZZ
*

other (γγ)

1. Small M 2. Phase-space 3. Loop

H→XX?

SM Higgs couplings are suppressed by:

SM Higgs total width is tiny = 4.1 MeV

Additional coupling of O(10–2) can contribute 10% in BR(H→XX)

Look for Higgs decay to light (pseudo)scalar particles (dubbed a)

It can also cover DM model phase-space complementary to mono-X searches
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The largest partial width is to bb
‣ But due to small mb the 

coupling is only yb~10-2

•  Yukawa couplings - Higgs couples to 

particles with strength proportional to its mass 

•  However, decays to SM suppressed either 

due to small mSM, phase-space or loop decays 
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H decays

➡ Current constraint from fits to Higgs parameters is 

about Br(H→BSM) < 26%
Illinois 
ChangIntroduction

3

bb WW* ggττ cc ZZ
*

other (γγ)

1. Small M 2. Phase-space 3. Loop

H→XX?

SM Higgs couplings are suppressed by:

SM Higgs total width is tiny = 4.1 MeV

Additional coupling of O(10–2) can contribute 10% in BR(H→XX)

Look for Higgs decay to light (pseudo)scalar particles (dubbed a)

It can also cover DM model phase-space complementary to mono-X searches

1312.4992

1404.3716
1505.07826

10% ?

‣ SM Higgs has a narrow width (~4.1 MeV)  

‣ Even coupling as small as 10-2 can yield Br(H→BSM) ~ 10%
Illinois 
ChangDecays of H125

3

Even a Coupling small as ζ = 10–2 would have produce 
100k + 30k events at the LHC
7/8TeV 13TeV

ζ
2 S

2|H|2 

Another scalar, S

No symmetry bans this term

bb
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gg
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other (γγ)

58%

yb ≈ 10–2

Yukawa
coupling

Phase-space suppressed

Loop suppressed
3%

21%
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9%

3%

ΓH,Total = 4 MeVSM
Tiny

H→SS
10%

ζ = 10–2
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H
BSM

Illinois 
ChangDecays of H125

3

Even a Coupling small as ζ = 10–2 would have produce 
100k + 30k events at the LHC
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BSM➡ Still a lot of space for new physics in Higgs decays!

(ATLAS-CONF-2018-031)

https://cds.cern.ch/record/2629412/files/ATLAS-CONF-2018-031.pdf


SUSY

Why are exotic Higgs decays 
interesting?



L. Morvaj Exotic Higgs decays 6

Hidden sectors
•  New physics could couple to the SM only through Yukawa couplings  

➡E.g. hidden sectors: Higgs could provide a unique access to particles 

that are singlets under SM interactions

could be detected, if the decay signature is both visible and clean.

As for any newly discovered particle, a detailed experimental characterization of the Higgs

is imperative. Such an experimental characterization must necessarily include an exhaustive

study of its decay modes. These programs have been established for other particles, such as

the top quark, the Z-boson, B-hadrons etc., as rare decay modes of SM particles are prime

places for new physics to appear. However, it is worth emphasizing that the Higgs boson

is a special case. The tiny natural width of the SM Higgs boson, together with the ease

with which the Higgs can mediate interactions with new physics, make exotic Higgs decays

a natural and expected signature of a very broad class of theories beyond the SM.

A SM-like Higgs boson with a mass of mh = 125 GeV has an extremely narrow width,

�h ' 4.07 MeV, so that �h/mh ' 3.3 ⇥ 10�5. The reason is that tree-level decays to SM

fermions are suppressed by the small Yukawa couplings, e.g. yb,⌧ . O(10�2), decays to two

photons (��), two gluons (gg), and Z� are suppressed by loop factors, and decays to WW
⇤

and ZZ
⇤ are suppressed by multibody phase space. Since the dominant decay, to two b-

quarks, is controlled by a coupling with a size of only ⇠ 0.017 (this assumes a running

b-quark mass mb(125 GeV) = 2.91 GeV evaluated in the MS scheme), even a small coupling

to another light state can easily open up additional sizable decay modes [24–27].

In fact, we have very good reasons to expect that new physics may couple preferentially

to the Higgs boson. The brief survey in §1.3 of simplified models and theories that produce

exotic Higgs decays will provide ample examples that corroborate this statement. More

generally, the Higgs provides one of only a few “portals” that allow SM matter to interact

with hidden-sector matter that is not charged under the SM forces (e.g. [28–32]), and where

the leading interaction can be (super-)renormalizable.1 Since the operator |H|
2 is a SM

singlet, we can couple it to a singlet scalar field s through the Higgs portal as

�L =
⇣

2
s
2
|H|

2
, (1)

where we have assumed for simplicity that s has a conserved Z2 parity. This kind of inter-

action is a very common building block in models of extended Higgs sectors. If ms < mh/2,

1 The other two portals are the “vector portal” at mass dimension 2, namely the hypercharge field strength

B
µ⌫ , and the “neutrino portal”, given by the product of the Higgs and a lepton doublet, HL, with mass

dimension 5/2. The vector portal can mediate, e.g., kinetic mixing between hypercharge and a new U(1)

gauge field with the renormalizable interaction F
0
µ⌫

B
µ⌫ ; the neutrino portal operator can mediate the

renormalizable coupling HLN , with N a sterile neutrino.
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singlet mixes with H and inherits Yukawa-like 
couplings => can decay to the SM particles
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FIG. 1: Sensitivity of a 125 GeV Higgs to light weakly coupled particles. Left: Exotic Higgs

branching fraction to a singlet scalar s versus the singlet’s mass ms, assuming the interaction

Eq. (1) is solely responsible for the h ! ss decay. If the interaction in Eq. (1) generates the s

mass, the result is the orange curve; the other curves are for fixed and independent values of ⇣ and

ms. Right: Exotic Higgs branching fraction to a new fermion  interacting with the Higgs as in

Eq. (2) to illustrate the sensitivity of exotic Higgs decay searches to high scales, here ⇤. We take

here µ = m .

broad and generic class of theories beyond the SM.

In some cases, particularly if the exotic decay produces only jets with or without E/T , it

may be di�cult to trigger on Higgs events produced in the (dominant) gluon-gluon-fusion

channel. However, even under these pessimistic assumptions, a few hundred events should

still be on tape in the existing 7 and 8 TeV datasets, since the associated production of

the Higgs boson with a leptonically-decaying Z- or W -boson will usually be recorded due

to the presence of one or two leptons. Moreover, additional events may have triggered in

the vector boson fusion (VBF) channel due to the rapidity gap of two of the jets in these

events (see next paragraph). In some cases, more sophisticated triggers on combinations of

objects, possibly with low thresholds, may be required to write a larger fraction of events to

tape.

In addition to the “standard” LHC7 and LHC8 datasets, an additional 300–500 Hz of

data was collected and “parked” during the LHC8 running. This parked dataset was not

reconstructed immediately, but may present additional opportunities for exotic Higgs anal-

yses. For example, at CMS, it included a trigger on Higgs VBF production (Mjj > 650 GeV

12

Standard Model:
SU(3)xSU(2)xU(1)

Hidden valleys:
no SM charges

DM?

mediator

Theories for Exotic Higgs Decays
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Dark matter
• The Fermi-LAT telescope observed excess of gamma-rays at the energy of 1-3 

GeV coming from the centre of the galaxy 

➡ Could be a result of DM annihilations through a (pseudo)scalar mediator

background modelling

4

FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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FIG. 2. The solid, dashed and dotted contours show the 1, 2
and 3� favoured regions in the mDM-h�vi plane, along with
the best fit point, shown by the dot. The branching ratios
are determined by the Yukawa couplings yf . The excess is
consistent with an annihilation cross-section that gives the
observed dark matter relic density.

The average J factor over a region of size �⌦ is

hJi =
1

�⌦

Z
cos b J(b, l) db dl , (4)

where

J(b, l) =

Z
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ds

r�

✓
⇢(r)
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◆2
�����
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p
r2�+s2�2r�s cos b cos l

(5)

and s varies over the line of sight. We use the form of
⇢(r) in eq. (1) with � = 1.2, rs = 23.1 kpc and ⇢s is
chosen so that ⇢(r�) = ⇢�. Following [16], we calculate
hJi in the 7� ⇥ 7� region by summing over pixels of size
0.1� ⇥ 0.1�.

For the simplified model in eq. (2), the s-wave annihi-
lation cross-section for �̄� ! f̄f is

h�vif =
NC

8⇡

y2f g
2
DMm2

DM

(m2
a � 4m2

DM)2 +m2
a�

2
a

s

1�
m2

f

m2
DM

(6)

where NC = 3 (1) for coloured (colour-neutral) particles
and �a is the pseudoscalar width. Among the possible
final states, the dominant annihilation channel is to b
quarks; the branching ratio to a particular final state is
determined by yf , for which yb is the largest.

An example of the resulting gamma-ray spectrum for
mDM = 30 GeV, h�vi ⌘

P
f h�vif = 3 ⇥ 10�26 cm3 s�1

and the astrophysical parameter choices above is shown
by the solid blue curve in fig. 1. This gives a good fit to
the data. Being more quantitive, fig. 2 shows the result of
a fit in themDM - h�vi plane assuming that the branching

Fermi H3sL

LHC 8 TeV

LHC 14 TeV

mDM
=30

GeV

0 20 40 60 80 100 120
0.1

1.0

10.0

ma @GeVD

g D
M

FIG. 3. The red shaded region shows the values of gDM

and ma that fit the galactic excess at 3� (marginalising over
mDM). The red dashed line shows the values of gDM and ma

that give h�vi = 3⇥ 10�26 cm3 s�1 for mDM = 30 GeV. The
solid blue line shows the constraint from the current 8 TeV
CMS monojet search, and the blue dashed line our extrapo-
lation of a similar search at 14 TeV with 40 fb�1.

ratio into the final state f̄f is determined by the Yukawa
couplings yf . The black dot shows the best fit point and
the solid, dashed and dotted lines show the 1, 2 and 3 �
regions respectively. These regions are determined by
minimising a �2 distribution as described in [16]. We see
that the cross-section is consistent with that required for
a thermal relic, i.e. h�vi ' 3 ⇥ 10�26 cm3 s�1, for mDM

around 30 GeV. In addition, one should not discount the
possibility that h�vi � 3 ⇥ 10�26 cm3 s�1 in the pri-
mordial Universe since regeneration mechanisms, such as
those proposed in [65, 66], may maintain the would-be
candidate as the main dark matter component.

The red shaded region in fig. 3 shows the values of
the pseudoscalar-dark matter coupling gDM and mass
ma that fit the galactic excess at 3�. In this region
we have marginalised over mDM. The red dashed line
shows the values of gDM and ma that result in h�vi =
3 ⇥ 10�26 cm3 s�1 for mDM = 30 GeV. Typically, a
coupling of order one or less is required to fit the ex-
cess. The annihilation is resonantly enhanced whenma ⇡

2mDM, explaining the ‘funnel’ that extends to small val-
ues of gDM. We find that the width of the pseudoscalar
varies from a few MeV to a few GeV over the parameter
space. For mDM = 30 GeV and (ma, gDM) = (40, 0.4),
the width is �a = 1.9 MeV and the largest branching ra-
tio is BR(a ! bb̄) = 89%, followed by cc̄ and ⌧+⌧� at 7%
and 4% respectively. Once it is kinematically possible for
the pseudoscalar to decay into dark matter, this channel
dominates. For instance, for the point mDM = 30 GeV
and (ma, gDM) = (90, 1.0) the width is �a = 1.3 GeV
with BR(a ! ��) = 99.7% and BR(a ! bb̄) = 0.3%.
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DM @ LHC
• Typical searches for DM at the LHC: 
‣ Produce the mediator which then decays to DM particles => invisible in the detector 
‣ Need an ISR object “X” which to trigger on and be able to “see” the event (j,y) 

➡ Mono-X signatures typically cover Mmed>2MDM case  

235 Page 2 of 25 Eur. Phys. J. C (2015) 75 :235

Fig. 1 Feynman diagrams for
the pair production of DM
particles for the case of a contact
interaction (left) and the
exchange of a mediator (right)

q̄

q

DM

DM

q̄

q

DM

DM

The Arkani-Hamed, Dimopoulos, and Dvali (ADD) model
[13–17] of large extra dimensions mitigates the hierarchy
problem [18] by introducing a number δ of extra dimensions.
In the simplest scenario, these are compactified over a mul-
tidimensional torus with radii R. Gravity is free to propagate
into the extra dimensions, while SM particles and interac-
tions are confined to ordinary space–time. The strength of the
gravitational force is thus diluted in 3+1 dimensional space–
time, explaining its apparent weakness in comparison to the
other fundamental forces. The fundamental Planck scale in
3+δ spatial dimensions, MD, is related to the apparent Planck
scale in 3 dimensions, MPl as MPl

2 = 8πMD
(δ+2)Rδ [16].

The increased phase space available in the extra dimensions
is expected to enhance the production of gravitons, which
are weakly interacting and escape undetected, their presence
must therefore be inferred by detecting Emiss

T . When pro-
duced in association with a jet, this gives rise to the mono-
jet signal. Previous searches for large extra dimensions in
monophoton and monojet channels have yielded no evidence
of new physics [11,12,19–25].

Unparticle models [26] postulate the existence of a scale-
invariant (conformal) sector, indicating new physics that can-
not be described using particles. This conformal sector is con-
nected to the SM at a high mass scale #U. In the low-energy
limit, with scale dimensiondu , events appear to correspond to
the production of a non-integer number du of invisible par-
ticles. Assuming these are sufficiently long-lived to decay
outside of the detector, they are undetected and so give rise
to Emiss

T . If #U is assumed to be of order TeV , the effects
of unparticles can be studied in the context of an effective
field theory at the LHC. Previous searches for unparticles at
CMS [24] have yielded no evidence of new physics. Figure 2
shows Feynman diagrams for some of the processes leading
to the production of a graviton or unparticle in association
with a jet.

2 The CMS detector and event reconstruction

The CMS apparatus features a superconducting solenoid,
12.5 m long with an internal diameter of 6 m, providing a
uniform magnetic field of 3.8 T. Within the field volume are

q̄

q

G(U)

g

g

q

G(U)

q

g

g

G(U)

g

Fig. 2 Feynman diagrams for the production of a graviton (G) or unpar-
ticles (U) in association with a jet

a silicon pixel and strip tracker, a crystal electromagnetic
calorimeter and a brass/scintillator hadron calorimeter. The
momentum resolution for reconstructed tracks in the cen-
tral region is about 1.5 % for non-isolated particles with
transverse momenta (pT) between 1 and 10 GeV and 2.8 %
for isolated particles with pT of 100 GeV. The calorime-
ter system surrounds the tracker and consists of a scintil-
lating lead tungstate crystal electromagnetic calorimeter and
a brass/scintillator hadron calorimeter with coverage up to
|η| = 3. The quartz/steel forward hadron calorimeters extend
the calorimetry coverage up to |η| = 5.

A system of gas-ionization muon detectors embedded in
the steel flux-return yoke of the solenoid allows reconstruc-
tion and identification of muons in the |η| < 2.4 region.
Events are recorded using a two-level trigger system. A more
detailed description of the CMS detector and the trigger sys-
tem can be found in [27].

Offline, particle candidates are individually identified
using a particle-flow reconstruction [28,29]. This algorithm
reconstructs each particle produced in a collision by com-
bining information from the tracker, the calorimeters, and
the muon system, and identifies them as either a charged
hadron, neutral hadron, photon, muon, or electron. The can-
didate particles are then clustered into jets using the anti-kT
algorithm [30] with a distance parameter of 0.5. The energy
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FIG. 2. The solid, dashed and dotted contours show the 1, 2
and 3� favoured regions in the mDM-h�vi plane, along with
the best fit point, shown by the dot. The branching ratios
are determined by the Yukawa couplings yf . The excess is
consistent with an annihilation cross-section that gives the
observed dark matter relic density.
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and s varies over the line of sight. We use the form of
⇢(r) in eq. (1) with � = 1.2, rs = 23.1 kpc and ⇢s is
chosen so that ⇢(r�) = ⇢�. Following [16], we calculate
hJi in the 7� ⇥ 7� region by summing over pixels of size
0.1� ⇥ 0.1�.

For the simplified model in eq. (2), the s-wave annihi-
lation cross-section for �̄� ! f̄f is
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where NC = 3 (1) for coloured (colour-neutral) particles
and �a is the pseudoscalar width. Among the possible
final states, the dominant annihilation channel is to b
quarks; the branching ratio to a particular final state is
determined by yf , for which yb is the largest.

An example of the resulting gamma-ray spectrum for
mDM = 30 GeV, h�vi ⌘

P
f h�vif = 3 ⇥ 10�26 cm3 s�1

and the astrophysical parameter choices above is shown
by the solid blue curve in fig. 1. This gives a good fit to
the data. Being more quantitive, fig. 2 shows the result of
a fit in themDM - h�vi plane assuming that the branching

Fermi H3sL

LHC 8 TeV
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g D
M

FIG. 3. The red shaded region shows the values of gDM

and ma that fit the galactic excess at 3� (marginalising over
mDM). The red dashed line shows the values of gDM and ma

that give h�vi = 3⇥ 10�26 cm3 s�1 for mDM = 30 GeV. The
solid blue line shows the constraint from the current 8 TeV
CMS monojet search, and the blue dashed line our extrapo-
lation of a similar search at 14 TeV with 40 fb�1.

ratio into the final state f̄f is determined by the Yukawa
couplings yf . The black dot shows the best fit point and
the solid, dashed and dotted lines show the 1, 2 and 3 �
regions respectively. These regions are determined by
minimising a �2 distribution as described in [16]. We see
that the cross-section is consistent with that required for
a thermal relic, i.e. h�vi ' 3 ⇥ 10�26 cm3 s�1, for mDM

around 30 GeV. In addition, one should not discount the
possibility that h�vi � 3 ⇥ 10�26 cm3 s�1 in the pri-
mordial Universe since regeneration mechanisms, such as
those proposed in [65, 66], may maintain the would-be
candidate as the main dark matter component.

The red shaded region in fig. 3 shows the values of
the pseudoscalar-dark matter coupling gDM and mass
ma that fit the galactic excess at 3�. In this region
we have marginalised over mDM. The red dashed line
shows the values of gDM and ma that result in h�vi =
3 ⇥ 10�26 cm3 s�1 for mDM = 30 GeV. Typically, a
coupling of order one or less is required to fit the ex-
cess. The annihilation is resonantly enhanced whenma ⇡

2mDM, explaining the ‘funnel’ that extends to small val-
ues of gDM. We find that the width of the pseudoscalar
varies from a few MeV to a few GeV over the parameter
space. For mDM = 30 GeV and (ma, gDM) = (40, 0.4),
the width is �a = 1.9 MeV and the largest branching ra-
tio is BR(a ! bb̄) = 89%, followed by cc̄ and ⌧+⌧� at 7%
and 4% respectively. Once it is kinematically possible for
the pseudoscalar to decay into dark matter, this channel
dominates. For instance, for the point mDM = 30 GeV
and (ma, gDM) = (90, 1.0) the width is �a = 1.3 GeV
with BR(a ! ��) = 99.7% and BR(a ! bb̄) = 0.3%.

9

DM @ LHC
• Typical searches for DM at the LHC: 
‣ Produce the mediator which then decays to DM particles => invisible in the detector 
‣ Need and ISR object “X” which to trigger on and be able to “see” the event (j,y) 

➡ Mono-X signatures typically cover Mmed>2MDM case  

✓ H→aa search is sensitive to mediators lighter than DM particles
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Fig. 1 Feynman diagrams for
the pair production of DM
particles for the case of a contact
interaction (left) and the
exchange of a mediator (right)

q̄

q

DM

DM

q̄

q

DM

DM

The Arkani-Hamed, Dimopoulos, and Dvali (ADD) model
[13–17] of large extra dimensions mitigates the hierarchy
problem [18] by introducing a number δ of extra dimensions.
In the simplest scenario, these are compactified over a mul-
tidimensional torus with radii R. Gravity is free to propagate
into the extra dimensions, while SM particles and interac-
tions are confined to ordinary space–time. The strength of the
gravitational force is thus diluted in 3+1 dimensional space–
time, explaining its apparent weakness in comparison to the
other fundamental forces. The fundamental Planck scale in
3+δ spatial dimensions, MD, is related to the apparent Planck
scale in 3 dimensions, MPl as MPl

2 = 8πMD
(δ+2)Rδ [16].

The increased phase space available in the extra dimensions
is expected to enhance the production of gravitons, which
are weakly interacting and escape undetected, their presence
must therefore be inferred by detecting Emiss

T . When pro-
duced in association with a jet, this gives rise to the mono-
jet signal. Previous searches for large extra dimensions in
monophoton and monojet channels have yielded no evidence
of new physics [11,12,19–25].

Unparticle models [26] postulate the existence of a scale-
invariant (conformal) sector, indicating new physics that can-
not be described using particles. This conformal sector is con-
nected to the SM at a high mass scale #U. In the low-energy
limit, with scale dimensiondu , events appear to correspond to
the production of a non-integer number du of invisible par-
ticles. Assuming these are sufficiently long-lived to decay
outside of the detector, they are undetected and so give rise
to Emiss

T . If #U is assumed to be of order TeV , the effects
of unparticles can be studied in the context of an effective
field theory at the LHC. Previous searches for unparticles at
CMS [24] have yielded no evidence of new physics. Figure 2
shows Feynman diagrams for some of the processes leading
to the production of a graviton or unparticle in association
with a jet.

2 The CMS detector and event reconstruction

The CMS apparatus features a superconducting solenoid,
12.5 m long with an internal diameter of 6 m, providing a
uniform magnetic field of 3.8 T. Within the field volume are

q̄

q

G(U)

g

g

q

G(U)

q

g

g

G(U)

g

Fig. 2 Feynman diagrams for the production of a graviton (G) or unpar-
ticles (U) in association with a jet

a silicon pixel and strip tracker, a crystal electromagnetic
calorimeter and a brass/scintillator hadron calorimeter. The
momentum resolution for reconstructed tracks in the cen-
tral region is about 1.5 % for non-isolated particles with
transverse momenta (pT) between 1 and 10 GeV and 2.8 %
for isolated particles with pT of 100 GeV. The calorime-
ter system surrounds the tracker and consists of a scintil-
lating lead tungstate crystal electromagnetic calorimeter and
a brass/scintillator hadron calorimeter with coverage up to
|η| = 3. The quartz/steel forward hadron calorimeters extend
the calorimetry coverage up to |η| = 5.

A system of gas-ionization muon detectors embedded in
the steel flux-return yoke of the solenoid allows reconstruc-
tion and identification of muons in the |η| < 2.4 region.
Events are recorded using a two-level trigger system. A more
detailed description of the CMS detector and the trigger sys-
tem can be found in [27].

Offline, particle candidates are individually identified
using a particle-flow reconstruction [28,29]. This algorithm
reconstructs each particle produced in a collision by com-
bining information from the tracker, the calorimeters, and
the muon system, and identifies them as either a charged
hadron, neutral hadron, photon, muon, or electron. The can-
didate particles are then clustered into jets using the anti-kT
algorithm [30] with a distance parameter of 0.5. The energy
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a

Covered by mono-jet 
(or multi-jet) 

searches at the LHCH→aa can access 
Mmed<2MDM   

H
a

a

Illinois 
ChangDecays of H125

3

Even a Coupling small as ζ = 10–2 would have produce 
100k + 30k events at the LHC
7/8TeV 13TeV

ζ
2 S

2|H|2 

Another scalar, S

No symmetry bans this term

bb

WW*

gg
ττ

cc
ZZ*

other (γγ)

58%

yb ≈ 10–2

Yukawa
coupling

Phase-space suppressed

Loop suppressed
3%

21%
6%

9%

3%

ΓH,Total = 4 MeVSM
Tiny

H→SS
10%

ζ = 10–2

1401.6458

https://arxiv.org/pdf/1401.6458.pdf


SUSY

What kind of theories contain 
this new light (pseudo)scalar?
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Extended Higgs sectors

- simplified theoretical model with phenomenology common to a large class of 
well-motivated BSM theories

H+

H-

A
h H

‣ 5 physical states:

neutral CP even

neutral CP odd

charged
(CP conserving case)

2HDM = 2 Higgs Doublets Model 
- add another SU(2) Higgs doublet to the SM
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Extended Higgs sectors

- simplified theoretical model with phenomenology common to a large class of 
well-motivated BSM theories

2HDM + singlet 

• 2 additional physical states:  
➡ Possibly light (m < mh) 
➡ Used for the interpretation of exotic Higgs decays searches

a
s

neutral CP even

neutral CP odd

H+

H-

A
h H

‣ 5 physical states:

neutral CP even

neutral CP odd

charged
(CP conserving case)

2HDM = 2 Higgs Doublets Model 
- add another SU(2) Higgs doublet to the SM
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2HDM+S

2b mass threshold

2tau mass 
threshold

specifies how 
fermions couple to H 
fields (to avoid FCNC)

ratio of vacuum expectation 
values of the 2 H-doublets

• A particular 2HDM+S model means a particular choice of parameters resulting in 
particular set of a→SM branching fractions 
‣ Type II realised in e.g. NMSSM

1 10 20 40 602 4 6 8
10-4

10-3

10-2

10-1

100

ma [GeV]

BR
(a

→
SM

)
Type II, tan β = 5

bb

cc

ττ
μμ
gg

γγ
uu + dd + ss

FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

FIG. 8: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type III Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

31

1312.4992

https://arxiv.org/abs/1312.4992
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In this talk
IllinoisThe signal

5

Stony 
Brook

H
a

a

4

FIG. 1: Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan� = 4 (left) and a type-III model with
tan� = 2 (right). For the type-II model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 4.0 ⇥ 10�4 for 15 GeV < ma < mh/2, which
is very similar to the SM+S scenario, see Table I. For the type-III model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 1.6 ⇥ 10�3 for
15 GeV < ma < mh/2, which is enhanced by about a factor of 4 compared to the SM+S in Table I.

FIG. 2: Br(h ! 2a ! 2b2µ)/Br(h ! 2a) of a CP-odd scalar, a, (left) and CP-even scalar, s, (right) in 2HDM+S with a fixed
mass ma(s) = 40 GeV.

a function of tan� for a CP-odd scalar a, while in the
right plot we consider a CP-even scalar s for two choices
of ↵0 (the scalar mass is set to 40 GeV). In both cases,
the maximum value of Br(h ! 2a(s) ! 2b2µ)/Br(h !

2a(s)) of the type-III 2HDM+S (' 0.0016) is about four
times greater than that for type-I or II (' 0.0004).

The maximum value of Br(h ! 2a ! 2b2µ)/Br(h !

2a) in the type-III 2HDM+S model can be understood
simply as follows. From Table II, the coupling of abb̄

(a⌧+⌧� and aµ
+
µ
�) scales as 1/ tan� (tan�). Thus,

keeping only the most important terms and ignoring
phase space and QCD corrections,

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
⇠

6m2

b
m

2

µ

m4
⌧
tan4� + 9m4

b
cot4� + 6m2

b
m2

⌧

.

(4)
This is maximized for tan� ⇠ (

p
3mb/m⌧ )1/2 ⇠ 2, with

the maximum value given by

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
'

"µ⌧

2
, (5)

where

"µ⌧ ⌘
Br(a ! 2µ)

Br(a ! 2⌧)
⇡

m
2

µ

m2
⌧

⇡ 0.0035. (6)

(The derivation for the CP-even scalar is identical, up to
the replacement tan� ! � sin↵/ cos�.) Interestingly,
as we discuss in §IV, the sensitivity of a 2b2µ search to
Br(h ! 2a) in these somewhat leptophilic scenarios is
competitive with purely leptonic searches like h ! 2⌧2µ,
while providing a potentially cleaner final state for ex-
perimental reconstruction.

C. NMSSM

An important example of a model with a non-minimal
scalar sector is the NMSSM (see, e.g., [36] for review).
An additional Higgs singlet superfield Ŝ is introduced to
address the µ problem of the MSSM. The Higgs super-

1412.4779
Ba → XX

20 30 40 50 60

1

0.1

0.01

0.001

ma [GeV]

b̅

Large BR

µ
µ

Clean
Triggerable

40%

0.2%

ττ
bb

µµ

b

Mix-match µµ and bb̅ final states for clean but 
relatively large signal

• Looking for 125 GeV Higgs decaying to new (pseudo)scalars “a” 
➡ bbµµ final state

✓  bb side gives high Br(a→bb)
✓  µµ side provides clean signature + triggering

‣  Search in 20<Mµµ<60 GeV range

• Will mention also searches in other channels: 4b, 4µ, 2j2y



SUSY

How do we look for this signal 
in ATLAS?
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Large Hadron Collider

 Collides protons at the world’s highest energy - 8 TeV  (design energy is 14 TeV)

 The analysis conducted with 20 fb-1 of data collected in 2012

~ 5 km

• LHC is colliding protons at the centre-of-mass energy of 13 TeV 

• The analysis is based on 36 fb-1 of data collected in 2015+2016 by the ATLAS 

detector 
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ATLAS
‣ Si pixels & strips + transition radiation tracker
‣ Reco. charged particles’ tracks & vertices
‣ Momentum measurement by curvature in a solenoid magnetic field (2T)

Muon chambers 
‣ Wire chambers for precision tracking
‣ Toroid magnets (4T) bend muons in η plane
‣ Reco. µ by combining tracks measured in 
Inner detector & muon chambers

Inner 
detector 

‣ Energy measurement by creation 
and total absorption of showers
‣ Electrons, photons (liquid Argon); 
jets (tiles of scintillating plastic)

Calorimeters

proton beam

proton beam

y

xz

θ

44 m

25m

φ
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• Soft (low pT) objects in the final state

H

b
b

a

125 GeV

pT ~ 125 GeV/2 ~ O(60) GeV

pT ~ 125 GeV/4 ~ O(30) GeV

µ

µ

a

pT ~ 125 GeV/4 ~ O(30) GeV

subleading b/µ pT [GeV]

  
  
  
  
  
  
  
  
  
  
  
 a

.u
.

Signal characteristics

ma=20 GeV

@ truth level



L. Morvaj Exotic Higgs decays 19

H

b
b

a

125 GeV

pT ~ 125 GeV/2 ~ O(60) GeV

pT ~ 125 GeV/4 ~ O(30) GeV

µ

µ

a

pT ~ 125 GeV/4 ~ O(30) GeV

subleading b/µ pT [GeV]

  
  
  
  
  
  
  
  
  
  
  
 a

.u
.

b/µ selection

pT(µ) > 7 GeV

• pT(µ)>{27,7} GeV
‣ Higher pT requirement on the leading muon due to trigger 

thresholds
ma=20 GeV

@ truth level
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H

b
b

a

125 GeV

pT ~ 125 GeV/2 ~ O(60) GeV

pT ~ 125 GeV/4 ~ O(30) GeV

µ

µ

a

pT ~ 125 GeV/4 ~ O(30) GeV

subleading b/µ pT [GeV]

  
  
  
  
  
  
  
  
  
  
  
 a

.u
.

b/µ selection
• pT(µ)>{27,7} GeV

• pT(b-jets)>{20,20} GeV

pT(b-jet) 
> 20 GeV

ma=20 GeV

@ truth level
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Backgrounds

L. Morvaj Exotic Higgs decays 25

Drell-Yan background

b

b

µ
µ

Z/y*

g

L. Morvaj Exotic Higgs decays 24

tt background

t

v

b

µ

t
b

v
µ

W

W

top-quark pair production

Drell-Yan + jets production
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Signal vs background

L. Morvaj Exotic Higgs decays 25

Drell-Yan background

b

b

µ
µ

Z/y*

g

L. Morvaj Exotic Higgs decays 24

tt background

t

v

b

µ

t
b

v
µ

W

W

Two resonances of the same mass: 
mµµ ~ mbb   

L. Morvaj Exotic Higgs decays 21

H

b
b

a

125 GeV

µ
µ

a

Signal characteristics

Non resonant production of bb / µµ
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ATLAS DRAFT
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Figure 1: The (a) mµµ , (b) mbb before the KL fit, (c) mbbµµ before and (d) mKL
bbµµ after the KL fit for events after the

preselection stage, but removing the upper bound on mµµ . The tt̄ contribution is modelled with the simulated sample
normalised to the theoretical cross-section. The Drell–Yan contribution is taken from data templates (described in
the text) and normalised to the total yield predicted by the Drell–Yan simulation. The signal distributions for all five
simulated ma are also shown essuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and B(H ! aa ! bbµµ) = 10%. The branching ratio in this and all subsequent figures is chosen so as to give
good visibility on the plot.

a width that is small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double129

Gaussian probability density function derived from simulated events as a function of jet pT and ⌘ using130

the di�erence between true and reconstructed energies. The fit determines a maximum-likelihood value131

of L (denoted by ln(Lmax)), which quantifies how well an event fits to the constraints. The b-jet momenta132

determined by the fit are used to recompute the four-body mass denoted mKL
bbµµ . As seen in Figure 1(d),133

the resolution of the mKL
bbµµ distribution for the signal is improved by a factor of about two compared134

to the pre-fit mbbµµ shown in Figure 1(c), while the background shape within the mbbµµ signal peak135

remains almost unchanged. This allows the analysis to place tighter constraints on the di�erence between136

the reconstructed invariant mass of the bbµµ system and mH , rejecting more background events, while137

keeping the signal e�ciency high.138
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Figure 1: The (a) mµµ , (b) mbb before the KL fit, (c) mbbµµ before and (d) mKL
bbµµ after the KL fit for events after the

preselection stage, but removing the upper bound on mµµ . The tt̄ contribution is modelled with the simulated sample
normalised to the theoretical cross-section. The Drell–Yan contribution is taken from data templates (described in
the text) and normalised to the total yield predicted by the Drell–Yan simulation. The signal distributions for all five
simulated ma are also shown essuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and B(H ! aa ! bbµµ) = 10%. The branching ratio in this and all subsequent figures is chosen so as to give
good visibility on the plot.

a width that is small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double129

Gaussian probability density function derived from simulated events as a function of jet pT and ⌘ using130

the di�erence between true and reconstructed energies. The fit determines a maximum-likelihood value131

of L (denoted by ln(Lmax)), which quantifies how well an event fits to the constraints. The b-jet momenta132

determined by the fit are used to recompute the four-body mass denoted mKL
bbµµ . As seen in Figure 1(d),133

the resolution of the mKL
bbµµ distribution for the signal is improved by a factor of about two compared134

to the pre-fit mbbµµ shown in Figure 1(c), while the background shape within the mbbµµ signal peak135

remains almost unchanged. This allows the analysis to place tighter constraints on the di�erence between136

the reconstructed invariant mass of the bbµµ system and mH , rejecting more background events, while137

keeping the signal e�ciency high.138
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Kinematic constraints
• mµµ resolution factor ~10 better than mbb resolution 
➡ Constrain mbb with well measured mµµ in a kinematic-likelihood (KL) fit

Illinois 
Changµµbb: Exploit decay topology

8

a

a

b
b

µ
µ

improve

narrow

improve

b
b

Constrain bb 
system with µµ

Smear b-jets 
4-momenta

g

g H

Mbbµµ [GeV]
1000 200 300

Illinois 
ChangKinematic likelihood fit

7

!8Kinematic likelihood fit
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ATLAS Private
Plot: "CutIIBC/klfit_bbmumu_m_40"
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Additional benefit comes from the fact that the most backgrounds do not fit well 
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 Cutting away events with bad fit (large Log(L)) the backgrounds are further reduced
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the parton level. Figure 2 shows two examples, the distribution of (Emeas
i −

Ei)/
√
Ei for b jets (left) and non-b jets (right). The transfer functions for

the χ2-method and the likelihood-based method are derived by fitting these
distributions with single- and double-Gaussian functions, respectively. The
fit range is constrained to the peak region for the χ2-method. Both param-
eterizations are indicated in the figure. Section 7 includes a discussion on
how to implement more realistic transfer functions. We use the same param-
eterization for the transfer functions of charged leptons. On the contrary,
transfer functions for the neutrinos are obtained from a single-Gaussian fit
for both the χ2-method and the likelihood-based method.
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Figure 2: Transfer functions for b jets (left) and non-b jets (right) shown as histograms,
and the parameterization with a double-Gaussian and a single-Gaussian function. Note
that, for this figure, the normalization of the single-Gaussian function is chosen such that
it allows for a comparison of shapes.

5. Event selection

The selection of events is motivated by the signature of the single-lepton
decay mode. The requirements for an event to be fitted are the presence of
exactly one electron with pT > 20GeV and |η| < 2.5, at least four jets with
pT > 20GeV and |η| < 2.5, and up to two b-tagged jets.

The fraction of events passing the selection, the selection efficiency, is
about 19%. For each event, exactly four jets are considered in the kinematic
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After smearing b-jet energy such that di-bjet invariant mass matches measured 
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Additional benefit comes from the fact that the most backgrounds do not fit well 
with the hypothesis
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 Cutting away events with bad fit (large Log(L)) the backgrounds are further reduced
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are well isolated. These requirements select signal muons with an identification e�ciency of ⇠ 94% and92

isolation e�ciency ranging between 91% for ma = 20 GeV and 94.6% for ma = 60 GeV.93

Jets are reconstructed using the anti-kt algorithm [68] with a radius parameter R = 0.4 applied to94

topological clusters of energy deposits in calorimeter cells. Jets from pile-up are suppressed with the95

use of tracking information as detailed in Ref. [69]. All selected jets are required to have pT > 20 GeV,96

|⌘ | < 2.5 and must pass quality requirements accounting for detector e�ects, beam backgrounds and97

cosmic rays.98

Jets consistent with the hadronisation of a b-quark (b-jets) are identified using the multivariate discrimin-99

ant [70, 71]. This analysis uses the 77% b-jet identification e�ciency working point for which the purity100

of the b-tagged sample is approximately 95%, while the probability of mis-identifying a jet induced by a101

charm quark as a b-jet is approximately 16%, as determined from a sample of simulated tt̄ events.102

If a jet is found within �R < 0.4 of the muon candidate, the overlap is removed in the following way: If103

there are more than two tracks with pT > 500 MeV associated with the jet then the muon is removed from104

the event, otherwise the muon is retained and the jet is removed.105

The missing transverse energy (Emiss
T ) used in the analysis is calculated as the absolute value of the negative106

vector sum (�!p miss
T ) of the transverse momenta of all selected and calibrated objects in the event and the107

additional “soft” term that takes into account tracks not associated to any of the these objects [72] . The108

“soft” term is calculated from inner detector tracks matched to the PV and included to make the Emiss
T less109

sensitive to contributions from pile-up interactions.110

Events are required to have exactly two b-tagged jets with pT > 20 GeV and exactly two reconstructed111

muons of opposite charge, with the leading muon having pT > 27 GeV to be in the maximum-e�ciency112

regime of the trigger and the subleading muon having pT > 7 GeV. The dimuon invariant mass (mµµ) is113

required to be between 16 GeV and 64 GeV. The upper bound on mµµ is defined by the assumption of the114

125 GeV h decaying to two on-shell particles of equal masses, while the lower bound is motivated by the115

kinematics of the a-boson decays. For lower ma the bulk of the signal jets falls below the reconstruction116

threshold and the jets tend to overlap geometrically in the detector so that the sensitivity of the analysis to117

the h ! aa signal degrades. This set of selection criteria is referred to as the “preselection”.118

Signal events are characterised by the invariant mass of the two b-jets (mbb) being equal, within the119

detector resolution, to the dimuon invariant mass and the four object mass (mbbµµ) being approximately120

125 GeV. One side of the h!aa decay (a ! µµ) is measured with close to factor ten better resolution121

than the other side of the decay (a ! bb), as shown in Fig. 1(a) and (b).122

A kinematic-likelihood (KL) fit [73] exploiting the symmetry of h!aa decays is performed to test123

compatibility of an event with mbb ' mµµ hypothesis and improve the mbbµµ resolution in signal events.124

The KL fit finds the energies of the leading (Êb1) and subleading (Êb2) b-jets that maximise the likelihood125

for an event with measured leading and subleading b-jet energies (Eb1 and Eb2) with an invariant dimuon126

mass mµµ . The likelihood is defined as follows,127

L = W (Êb1, Eb1 ) ·W (Êb2, Eb2 ) · BW (mKL
bb,mµµ ), (1)

where mKL
bb is the dijet invariant mass computed from the b-jet four-momenta corresponding to Êb1 and128

Êb2 , W is the transfer function of the b-jets, and BW is a Breit-Wigner function centered on mµµ with129

a width small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double Gaussian130

probability density function and is derived in simulated events using the di�erence between true and131

reconstructed energies. The fit determines a maximum likelihood value of L (denoted as ln(Lmax)), which132
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where the parameters pi are functions of Ê ,

p1 = a1 + b1/Ê,

p2 = a2 + b2/
p

Ê,

p3 = a3 + b3/Ê,

p4 = a4 + b4/
p

Ê,

p5 = a5 + b5Ê (5)

with parameters ai and bi obtained through fits to simulated events. The BW function is parametrized as839

follows,840

BW(mbb,mµµ) =
k

(m2
bb

� m2
µµ)

2 + m2
µµ�2

, k =
2
p

2mµµ�
q

m2
µµ(m2

µµ + �2)

⇡

r
m2
µµ +

q
m2
µµ(m2

µµ + �2)

. (6)

C.8 KLFit Mass Di�erence841

The KLFit as used in the analysis produces a double peak structure. A few plots are given below using842

the tt̄ Monte Carlo sample to explain the origin of this structure.843

The pre-fit mbb-mµµ distribution in tt̄ peaks at a particular value. This particular value of mbb-mµµ844

corresponds to a particular value of Ln(Lmax), i.e. the majority of events in the tt̄ sample have a certain845

level of compatibility with the mbb ⇠ mµµ hypothesis in the KLFit constraint.846

This comptability results in the left peak in Ln(Lmax), rather than a broad distribution. Large values of847

Ln(Lmax) are in the tail of the mbb-mµµ distribution. By shifting b pTs to try to fit the constraint, we848

introduce the secondary, smaller, signal-compatible peak.849

These findings are illustrated clearly in Figs 15- 17850

The preferential value of mbb ⇠ mµµ is also influenced by kinematic cuts, e.g. applying the mµµ < 64851

GeV.852

This behaviour also seems to be a general feature of the KL fit for all the processes and di�erent KL853

contraints, see for example Fig 10 in [89], where both the signal (tt) and the backgorunds have a double-854

peak structure in LogL.855
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Figure 7: The (a) mKL
bb

after the KL fit and (b) the ln(Lmax) distribution2 for events after the preselection stage, but
removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical
cross section. The Drell-Yan contribution is taken from data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
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Figure 8: The post-fit predicted and observed distributions for (a) Emiss
T after the preselection and the KL-fit

ln(Lmax)>-8 constraint and (b) mKL
bb

in the SR. The signal is also shown assuming SM Higgs-boson cross-section
(including ggF, VBF and V h productions) and (a) Br(H !aa! bbµµ)=0.5% and (b) Br(H !aa! bbµµ)=0.04%.
The hashed bands show the total statistical and systematic uncertainties on the backgrounds.

2 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events have large value of
ln(Lmax) as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears
at small values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away
from the primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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Figure 1: The (a) mµµ , (b) mbb before the KL fit, (c) mbbµµ before and (d) mKL
bbµµ after the KL fit for events after the

preselection stage, but removing the upper bound on mµµ . The tt̄ contribution is modelled with the simulated sample
normalised to the theoretical cross-section. The Drell–Yan contribution is taken from data templates (described in
the text) and normalised to the total yield predicted by the Drell–Yan simulation. The signal distributions for all five
simulated ma are also shown essuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and B(H ! aa ! bbµµ) = 10%. The branching ratio in this and all subsequent figures is chosen so as to give
good visibility on the plot.

a width that is small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double129

Gaussian probability density function derived from simulated events as a function of jet pT and ⌘ using130

the di�erence between true and reconstructed energies. The fit determines a maximum-likelihood value131

of L (denoted by ln(Lmax)), which quantifies how well an event fits to the constraints. The b-jet momenta132

determined by the fit are used to recompute the four-body mass denoted mKL
bbµµ . As seen in Figure 1(d),133

the resolution of the mKL
bbµµ distribution for the signal is improved by a factor of about two compared134

to the pre-fit mbbµµ shown in Figure 1(c), while the background shape within the mbbµµ signal peak135

remains almost unchanged. This allows the analysis to place tighter constraints on the di�erence between136

the reconstructed invariant mass of the bbµµ system and mH , rejecting more background events, while137

keeping the signal e�ciency high.138
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➡ Constrain mbb with well measured mµµ in a kinematic-likelihood (KL) fit
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Additional benefit comes from the fact that the most backgrounds do not fit well 
with the hypothesis
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 After applying KL Fitter reconstruction the Mbbµµ peak becomes much sharper 
 Cutting away events with bad fit (large Log(L)) the backgrounds are further reduced
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are well isolated. These requirements select signal muons with an identification e�ciency of ⇠ 94% and92

isolation e�ciency ranging between 91% for ma = 20 GeV and 94.6% for ma = 60 GeV.93

Jets are reconstructed using the anti-kt algorithm [68] with a radius parameter R = 0.4 applied to94

topological clusters of energy deposits in calorimeter cells. Jets from pile-up are suppressed with the95

use of tracking information as detailed in Ref. [69]. All selected jets are required to have pT > 20 GeV,96

|⌘ | < 2.5 and must pass quality requirements accounting for detector e�ects, beam backgrounds and97

cosmic rays.98

Jets consistent with the hadronisation of a b-quark (b-jets) are identified using the multivariate discrimin-99

ant [70, 71]. This analysis uses the 77% b-jet identification e�ciency working point for which the purity100

of the b-tagged sample is approximately 95%, while the probability of mis-identifying a jet induced by a101

charm quark as a b-jet is approximately 16%, as determined from a sample of simulated tt̄ events.102

If a jet is found within �R < 0.4 of the muon candidate, the overlap is removed in the following way: If103

there are more than two tracks with pT > 500 MeV associated with the jet then the muon is removed from104

the event, otherwise the muon is retained and the jet is removed.105

The missing transverse energy (Emiss
T ) used in the analysis is calculated as the absolute value of the negative106

vector sum (�!p miss
T ) of the transverse momenta of all selected and calibrated objects in the event and the107

additional “soft” term that takes into account tracks not associated to any of the these objects [72] . The108

“soft” term is calculated from inner detector tracks matched to the PV and included to make the Emiss
T less109

sensitive to contributions from pile-up interactions.110

Events are required to have exactly two b-tagged jets with pT > 20 GeV and exactly two reconstructed111

muons of opposite charge, with the leading muon having pT > 27 GeV to be in the maximum-e�ciency112

regime of the trigger and the subleading muon having pT > 7 GeV. The dimuon invariant mass (mµµ) is113

required to be between 16 GeV and 64 GeV. The upper bound on mµµ is defined by the assumption of the114

125 GeV h decaying to two on-shell particles of equal masses, while the lower bound is motivated by the115

kinematics of the a-boson decays. For lower ma the bulk of the signal jets falls below the reconstruction116

threshold and the jets tend to overlap geometrically in the detector so that the sensitivity of the analysis to117

the h ! aa signal degrades. This set of selection criteria is referred to as the “preselection”.118

Signal events are characterised by the invariant mass of the two b-jets (mbb) being equal, within the119

detector resolution, to the dimuon invariant mass and the four object mass (mbbµµ) being approximately120

125 GeV. One side of the h!aa decay (a ! µµ) is measured with close to factor ten better resolution121

than the other side of the decay (a ! bb), as shown in Fig. 1(a) and (b).122

A kinematic-likelihood (KL) fit [73] exploiting the symmetry of h!aa decays is performed to test123

compatibility of an event with mbb ' mµµ hypothesis and improve the mbbµµ resolution in signal events.124

The KL fit finds the energies of the leading (Êb1) and subleading (Êb2) b-jets that maximise the likelihood125

for an event with measured leading and subleading b-jet energies (Eb1 and Eb2) with an invariant dimuon126

mass mµµ . The likelihood is defined as follows,127

L = W (Êb1, Eb1 ) ·W (Êb2, Eb2 ) · BW (mKL
bb,mµµ ), (1)

where mKL
bb is the dijet invariant mass computed from the b-jet four-momenta corresponding to Êb1 and128

Êb2 , W is the transfer function of the b-jets, and BW is a Breit-Wigner function centered on mµµ with129

a width small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double Gaussian130

probability density function and is derived in simulated events using the di�erence between true and131

reconstructed energies. The fit determines a maximum likelihood value of L (denoted as ln(Lmax)), which132
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where the parameters pi are functions of Ê ,

p1 = a1 + b1/Ê,

p2 = a2 + b2/
p

Ê,

p3 = a3 + b3/Ê,

p4 = a4 + b4/
p

Ê,

p5 = a5 + b5Ê (5)

with parameters ai and bi obtained through fits to simulated events. The BW function is parametrized as839

follows,840

BW(mbb,mµµ) =
k

(m2
bb

� m2
µµ)

2 + m2
µµ�2

, k =
2
p

2mµµ�
q

m2
µµ(m2

µµ + �2)

⇡

r
m2
µµ +

q
m2
µµ(m2

µµ + �2)

. (6)

C.8 KLFit Mass Di�erence841

The KLFit as used in the analysis produces a double peak structure. A few plots are given below using842

the tt̄ Monte Carlo sample to explain the origin of this structure.843

The pre-fit mbb-mµµ distribution in tt̄ peaks at a particular value. This particular value of mbb-mµµ844

corresponds to a particular value of Ln(Lmax), i.e. the majority of events in the tt̄ sample have a certain845

level of compatibility with the mbb ⇠ mµµ hypothesis in the KLFit constraint.846

This comptability results in the left peak in Ln(Lmax), rather than a broad distribution. Large values of847

Ln(Lmax) are in the tail of the mbb-mµµ distribution. By shifting b pTs to try to fit the constraint, we848

introduce the secondary, smaller, signal-compatible peak.849

These findings are illustrated clearly in Figs 15- 17850

The preferential value of mbb ⇠ mµµ is also influenced by kinematic cuts, e.g. applying the mµµ < 64851

GeV.852

This behaviour also seems to be a general feature of the KL fit for all the processes and di�erent KL853

contraints, see for example Fig 10 in [89], where both the signal (tt) and the backgorunds have a double-854

peak structure in LogL.855
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A Additional plots and tables530
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Figure 6: The (a) mKL
bb after the KL fit and (b) the ln(Lmax) distribution3 for events after the preselection stage, but

removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical cross
section. The Drell-Yan contribution is taken from the data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
The hashed bands are showing the total statistical and systematic uncertainties on the backgrounds.

Table 3: Total and individual background yields in TCR, DYCR and two VRs. The yields are the post-fit values as
determined using only the TCR and DYCR in the fit to constrain the backgrounds. The uncertainties shown include
all systematic uncertainties and the statistical MC uncertainty.

Analysis region TCR DYCR VR1 VR2

Observed events 321 495 896 83

Total background 321 ± 18 495 ± 22 910 ± 110 87 ± 29

tt̄ 305 ± 19 275 ± 30 700 ± 120 51 ± 29
DY 5.4 ± 3.9 207 ± 38 180 ± 35 33.3 ± 6.7
dibosons 0.52 ± 0.37 1.7 ± 0.4 2.78 ± 0.85 0.49 ± 0.23
single top 5.63 ± 0.39 7.32 ± 0.37 18.60 ± 0.94 2.7 ± 1.9
tt̄V 0.7 ± 0.1 0.66 ± 0.09 1.22 ± 0.16 0.07 ± 0.05
W+jets 3.3+4.7

�3.3 3.1+4.6
�3.1 2.6+3.6

�2.6 < 0.01

3 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events get large value of ln(Lmax)
as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears at small
values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away from the
primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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Figure 1: The (a) mµµ , (b) mbb before the KL fit, (c) mbbµµ before and (d) mKL
bbµµ after the KL fit for events after the

preselection stage, but removing the upper bound on mµµ . The tt̄ contribution is modelled with the simulated sample
normalised to the theoretical cross-section. The Drell–Yan contribution is taken from data templates (described in
the text) and normalised to the total yield predicted by the Drell–Yan simulation. The signal distributions for all five
simulated ma are also shown essuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and B(H ! aa ! bbµµ) = 10%. The branching ratio in this and all subsequent figures is chosen so as to give
good visibility on the plot.

a width that is small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double129

Gaussian probability density function derived from simulated events as a function of jet pT and ⌘ using130

the di�erence between true and reconstructed energies. The fit determines a maximum-likelihood value131

of L (denoted by ln(Lmax)), which quantifies how well an event fits to the constraints. The b-jet momenta132

determined by the fit are used to recompute the four-body mass denoted mKL
bbµµ . As seen in Figure 1(d),133

the resolution of the mKL
bbµµ distribution for the signal is improved by a factor of about two compared134

to the pre-fit mbbµµ shown in Figure 1(c), while the background shape within the mbbµµ signal peak135

remains almost unchanged. This allows the analysis to place tighter constraints on the di�erence between136

the reconstructed invariant mass of the bbµµ system and mH , rejecting more background events, while137

keeping the signal e�ciency high.138
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Figure 1: The (a) mµµ , (b) mbb before the KL fit, (c) mbbµµ before and (d) mKL
bbµµ after the KL fit for events after the

preselection stage, but removing the upper bound on mµµ . The tt̄ contribution is modelled with the simulated sample
normalised to the theoretical cross-section. The Drell–Yan contribution is taken from data templates (described in
the text) and normalised to the total yield predicted by the Drell–Yan simulation. The signal distributions for all five
simulated ma are also shown essuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and B(H ! aa ! bbµµ) = 10%. The branching ratio in this and all subsequent figures is chosen so as to give
good visibility on the plot.

a width that is small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double129

Gaussian probability density function derived from simulated events as a function of jet pT and ⌘ using130

the di�erence between true and reconstructed energies. The fit determines a maximum-likelihood value131

of L (denoted by ln(Lmax)), which quantifies how well an event fits to the constraints. The b-jet momenta132

determined by the fit are used to recompute the four-body mass denoted mKL
bbµµ . As seen in Figure 1(d),133

the resolution of the mKL
bbµµ distribution for the signal is improved by a factor of about two compared134

to the pre-fit mbbµµ shown in Figure 1(c), while the background shape within the mbbµµ signal peak135

remains almost unchanged. This allows the analysis to place tighter constraints on the di�erence between136

the reconstructed invariant mass of the bbµµ system and mH , rejecting more background events, while137

keeping the signal e�ciency high.138
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• mµµ resolution factor ~10 better than mbb resolution 
➡ Constrain mbb with well measured mµµ in a kinematic-likelihood (KL) fit
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After smearing b-jet energy such that di-bjet invariant mass matches measured 
di-muon mass, the reconstructed higgs mass is much sharper.
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di-muon mass, the reconstructed higgs mass is much sharper.

signal x25

BR(h→aa) = 100%
BR(aa→bbµµ) = 0.16% (Type III 2HDM + S)

Illinois
ChangAfter low log likelihood cut
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The S/B has improved
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Additional benefit comes from the fact that the most backgrounds do not fit well 
with the hypothesis

signal x25

BR(h→aa) = 100%
BR(aa→bbµµ) = 0.16% (Type III 2HDM + S)

 After applying KL Fitter reconstruction the Mbbµµ peak becomes much sharper 
 Cutting away events with bad fit (large Log(L)) the backgrounds are further reduced
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If nothing additional was done, this would be the reconstructed Higgs mass plot
One can further apply Mµµ and Mbb

BR(h→aa) = 100%
BR(aa→bbµµ) = 0.16% (Type III 2HDM + S)

signal x25

•  removes only ~7% 
of the signal with 
correctly assigned 
b-jets

•  no events with 
wrongly assigned 
b-jets left
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50% improvement 
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are well isolated. These requirements select signal muons with an identification e�ciency of ⇠ 94% and92

isolation e�ciency ranging between 91% for ma = 20 GeV and 94.6% for ma = 60 GeV.93

Jets are reconstructed using the anti-kt algorithm [68] with a radius parameter R = 0.4 applied to94

topological clusters of energy deposits in calorimeter cells. Jets from pile-up are suppressed with the95

use of tracking information as detailed in Ref. [69]. All selected jets are required to have pT > 20 GeV,96

|⌘ | < 2.5 and must pass quality requirements accounting for detector e�ects, beam backgrounds and97

cosmic rays.98

Jets consistent with the hadronisation of a b-quark (b-jets) are identified using the multivariate discrimin-99

ant [70, 71]. This analysis uses the 77% b-jet identification e�ciency working point for which the purity100

of the b-tagged sample is approximately 95%, while the probability of mis-identifying a jet induced by a101

charm quark as a b-jet is approximately 16%, as determined from a sample of simulated tt̄ events.102

If a jet is found within �R < 0.4 of the muon candidate, the overlap is removed in the following way: If103

there are more than two tracks with pT > 500 MeV associated with the jet then the muon is removed from104

the event, otherwise the muon is retained and the jet is removed.105

The missing transverse energy (Emiss
T ) used in the analysis is calculated as the absolute value of the negative106

vector sum (�!p miss
T ) of the transverse momenta of all selected and calibrated objects in the event and the107

additional “soft” term that takes into account tracks not associated to any of the these objects [72] . The108

“soft” term is calculated from inner detector tracks matched to the PV and included to make the Emiss
T less109

sensitive to contributions from pile-up interactions.110

Events are required to have exactly two b-tagged jets with pT > 20 GeV and exactly two reconstructed111

muons of opposite charge, with the leading muon having pT > 27 GeV to be in the maximum-e�ciency112

regime of the trigger and the subleading muon having pT > 7 GeV. The dimuon invariant mass (mµµ) is113

required to be between 16 GeV and 64 GeV. The upper bound on mµµ is defined by the assumption of the114

125 GeV h decaying to two on-shell particles of equal masses, while the lower bound is motivated by the115

kinematics of the a-boson decays. For lower ma the bulk of the signal jets falls below the reconstruction116

threshold and the jets tend to overlap geometrically in the detector so that the sensitivity of the analysis to117

the h ! aa signal degrades. This set of selection criteria is referred to as the “preselection”.118

Signal events are characterised by the invariant mass of the two b-jets (mbb) being equal, within the119

detector resolution, to the dimuon invariant mass and the four object mass (mbbµµ) being approximately120

125 GeV. One side of the h!aa decay (a ! µµ) is measured with close to factor ten better resolution121

than the other side of the decay (a ! bb), as shown in Fig. 1(a) and (b).122

A kinematic-likelihood (KL) fit [73] exploiting the symmetry of h!aa decays is performed to test123

compatibility of an event with mbb ' mµµ hypothesis and improve the mbbµµ resolution in signal events.124

The KL fit finds the energies of the leading (Êb1) and subleading (Êb2) b-jets that maximise the likelihood125

for an event with measured leading and subleading b-jet energies (Eb1 and Eb2) with an invariant dimuon126

mass mµµ . The likelihood is defined as follows,127

L = W (Êb1, Eb1 ) ·W (Êb2, Eb2 ) · BW (mKL
bb,mµµ ), (1)

where mKL
bb is the dijet invariant mass computed from the b-jet four-momenta corresponding to Êb1 and128

Êb2 , W is the transfer function of the b-jets, and BW is a Breit-Wigner function centered on mµµ with129

a width small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double Gaussian130

probability density function and is derived in simulated events using the di�erence between true and131

reconstructed energies. The fit determines a maximum likelihood value of L (denoted as ln(Lmax)), which132
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where the parameters pi are functions of Ê ,

p1 = a1 + b1/Ê,

p2 = a2 + b2/
p

Ê,

p3 = a3 + b3/Ê,

p4 = a4 + b4/
p

Ê,

p5 = a5 + b5Ê (5)

with parameters ai and bi obtained through fits to simulated events. The BW function is parametrized as839

follows,840
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C.8 KLFit Mass Di�erence841

The KLFit as used in the analysis produces a double peak structure. A few plots are given below using842

the tt̄ Monte Carlo sample to explain the origin of this structure.843

The pre-fit mbb-mµµ distribution in tt̄ peaks at a particular value. This particular value of mbb-mµµ844

corresponds to a particular value of Ln(Lmax), i.e. the majority of events in the tt̄ sample have a certain845

level of compatibility with the mbb ⇠ mµµ hypothesis in the KLFit constraint.846

This comptability results in the left peak in Ln(Lmax), rather than a broad distribution. Large values of847

Ln(Lmax) are in the tail of the mbb-mµµ distribution. By shifting b pTs to try to fit the constraint, we848

introduce the secondary, smaller, signal-compatible peak.849

These findings are illustrated clearly in Figs 15- 17850

The preferential value of mbb ⇠ mµµ is also influenced by kinematic cuts, e.g. applying the mµµ < 64851

GeV.852

This behaviour also seems to be a general feature of the KL fit for all the processes and di�erent KL853

contraints, see for example Fig 10 in [89], where both the signal (tt) and the backgorunds have a double-854

peak structure in LogL.855
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Figure 6: The (a) mKL
bb after the KL fit and (b) the ln(Lmax) distribution3 for events after the preselection stage, but

removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical cross
section. The Drell-Yan contribution is taken from the data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
The hashed bands are showing the total statistical and systematic uncertainties on the backgrounds.

Table 3: Total and individual background yields in TCR, DYCR and two VRs. The yields are the post-fit values as
determined using only the TCR and DYCR in the fit to constrain the backgrounds. The uncertainties shown include
all systematic uncertainties and the statistical MC uncertainty.

Analysis region TCR DYCR VR1 VR2

Observed events 321 495 896 83

Total background 321 ± 18 495 ± 22 910 ± 110 87 ± 29

tt̄ 305 ± 19 275 ± 30 700 ± 120 51 ± 29
DY 5.4 ± 3.9 207 ± 38 180 ± 35 33.3 ± 6.7
dibosons 0.52 ± 0.37 1.7 ± 0.4 2.78 ± 0.85 0.49 ± 0.23
single top 5.63 ± 0.39 7.32 ± 0.37 18.60 ± 0.94 2.7 ± 1.9
tt̄V 0.7 ± 0.1 0.66 ± 0.09 1.22 ± 0.16 0.07 ± 0.05
W+jets 3.3+4.7

�3.3 3.1+4.6
�3.1 2.6+3.6

�2.6 < 0.01

3 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events get large value of ln(Lmax)
as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears at small
values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away from the
primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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are well isolated. These requirements select signal muons with an identification e�ciency of ⇠ 94% and92

isolation e�ciency ranging between 91% for ma = 20 GeV and 94.6% for ma = 60 GeV.93

Jets are reconstructed using the anti-kt algorithm [68] with a radius parameter R = 0.4 applied to94

topological clusters of energy deposits in calorimeter cells. Jets from pile-up are suppressed with the95

use of tracking information as detailed in Ref. [69]. All selected jets are required to have pT > 20 GeV,96

|⌘ | < 2.5 and must pass quality requirements accounting for detector e�ects, beam backgrounds and97

cosmic rays.98

Jets consistent with the hadronisation of a b-quark (b-jets) are identified using the multivariate discrimin-99

ant [70, 71]. This analysis uses the 77% b-jet identification e�ciency working point for which the purity100

of the b-tagged sample is approximately 95%, while the probability of mis-identifying a jet induced by a101

charm quark as a b-jet is approximately 16%, as determined from a sample of simulated tt̄ events.102

If a jet is found within �R < 0.4 of the muon candidate, the overlap is removed in the following way: If103

there are more than two tracks with pT > 500 MeV associated with the jet then the muon is removed from104

the event, otherwise the muon is retained and the jet is removed.105

The missing transverse energy (Emiss
T ) used in the analysis is calculated as the absolute value of the negative106

vector sum (�!p miss
T ) of the transverse momenta of all selected and calibrated objects in the event and the107

additional “soft” term that takes into account tracks not associated to any of the these objects [72] . The108

“soft” term is calculated from inner detector tracks matched to the PV and included to make the Emiss
T less109

sensitive to contributions from pile-up interactions.110

Events are required to have exactly two b-tagged jets with pT > 20 GeV and exactly two reconstructed111

muons of opposite charge, with the leading muon having pT > 27 GeV to be in the maximum-e�ciency112

regime of the trigger and the subleading muon having pT > 7 GeV. The dimuon invariant mass (mµµ) is113

required to be between 16 GeV and 64 GeV. The upper bound on mµµ is defined by the assumption of the114

125 GeV h decaying to two on-shell particles of equal masses, while the lower bound is motivated by the115

kinematics of the a-boson decays. For lower ma the bulk of the signal jets falls below the reconstruction116

threshold and the jets tend to overlap geometrically in the detector so that the sensitivity of the analysis to117

the h ! aa signal degrades. This set of selection criteria is referred to as the “preselection”.118

Signal events are characterised by the invariant mass of the two b-jets (mbb) being equal, within the119

detector resolution, to the dimuon invariant mass and the four object mass (mbbµµ) being approximately120

125 GeV. One side of the h!aa decay (a ! µµ) is measured with close to factor ten better resolution121

than the other side of the decay (a ! bb), as shown in Fig. 1(a) and (b).122

A kinematic-likelihood (KL) fit [73] exploiting the symmetry of h!aa decays is performed to test123

compatibility of an event with mbb ' mµµ hypothesis and improve the mbbµµ resolution in signal events.124

The KL fit finds the energies of the leading (Êb1) and subleading (Êb2) b-jets that maximise the likelihood125

for an event with measured leading and subleading b-jet energies (Eb1 and Eb2) with an invariant dimuon126

mass mµµ . The likelihood is defined as follows,127

L = W (Êb1, Eb1 ) ·W (Êb2, Eb2 ) · BW (mKL
bb,mµµ ), (1)

where mKL
bb is the dijet invariant mass computed from the b-jet four-momenta corresponding to Êb1 and128

Êb2 , W is the transfer function of the b-jets, and BW is a Breit-Wigner function centered on mµµ with129

a width small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double Gaussian130

probability density function and is derived in simulated events using the di�erence between true and131

reconstructed energies. The fit determines a maximum likelihood value of L (denoted as ln(Lmax)), which132
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with parameters ai and bi obtained through fits to simulated events. The BW function is parametrized as839

follows,840
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C.8 KLFit Mass Di�erence841

The KLFit as used in the analysis produces a double peak structure. A few plots are given below using842

the tt̄ Monte Carlo sample to explain the origin of this structure.843

The pre-fit mbb-mµµ distribution in tt̄ peaks at a particular value. This particular value of mbb-mµµ844

corresponds to a particular value of Ln(Lmax), i.e. the majority of events in the tt̄ sample have a certain845

level of compatibility with the mbb ⇠ mµµ hypothesis in the KLFit constraint.846

This comptability results in the left peak in Ln(Lmax), rather than a broad distribution. Large values of847

Ln(Lmax) are in the tail of the mbb-mµµ distribution. By shifting b pTs to try to fit the constraint, we848

introduce the secondary, smaller, signal-compatible peak.849

These findings are illustrated clearly in Figs 15- 17850

The preferential value of mbb ⇠ mµµ is also influenced by kinematic cuts, e.g. applying the mµµ < 64851

GeV.852

This behaviour also seems to be a general feature of the KL fit for all the processes and di�erent KL853

contraints, see for example Fig 10 in [89], where both the signal (tt) and the backgorunds have a double-854

peak structure in LogL.855
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Figure 6: The (a) mKL
bb after the KL fit and (b) the ln(Lmax) distribution3 for events after the preselection stage, but

removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical cross
section. The Drell-Yan contribution is taken from the data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
The hashed bands are showing the total statistical and systematic uncertainties on the backgrounds.

Table 3: Total and individual background yields in TCR, DYCR and two VRs. The yields are the post-fit values as
determined using only the TCR and DYCR in the fit to constrain the backgrounds. The uncertainties shown include
all systematic uncertainties and the statistical MC uncertainty.

Analysis region TCR DYCR VR1 VR2

Observed events 321 495 896 83

Total background 321 ± 18 495 ± 22 910 ± 110 87 ± 29

tt̄ 305 ± 19 275 ± 30 700 ± 120 51 ± 29
DY 5.4 ± 3.9 207 ± 38 180 ± 35 33.3 ± 6.7
dibosons 0.52 ± 0.37 1.7 ± 0.4 2.78 ± 0.85 0.49 ± 0.23
single top 5.63 ± 0.39 7.32 ± 0.37 18.60 ± 0.94 2.7 ± 1.9
tt̄V 0.7 ± 0.1 0.66 ± 0.09 1.22 ± 0.16 0.07 ± 0.05
W+jets 3.3+4.7

�3.3 3.1+4.6
�3.1 2.6+3.6

�2.6 < 0.01

3 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events get large value of ln(Lmax)
as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears at small
values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away from the
primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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Figure 7: The (a) mKL
bb

after the KL fit and (b) the ln(Lmax) distribution2 for events after the preselection stage, but
removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical
cross section. The Drell-Yan contribution is taken from data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
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Figure 8: The post-fit predicted and observed distributions for (a) Emiss
T after the preselection and the KL-fit

ln(Lmax)>-8 constraint and (b) mKL
bb

in the SR. The signal is also shown assuming SM Higgs-boson cross-section
(including ggF, VBF and V h productions) and (a) Br(H !aa! bbµµ)=0.5% and (b) Br(H !aa! bbµµ)=0.04%.
The hashed bands show the total statistical and systematic uncertainties on the backgrounds.

2 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events have large value of
ln(Lmax) as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears
at small values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away
from the primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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Figure 7: The (a) mKL
bb

after the KL fit and (b) the ln(Lmax) distribution2 for events after the preselection stage, but
removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical
cross section. The Drell-Yan contribution is taken from data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
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Figure 8: The post-fit predicted and observed distributions for (a) Emiss
T after the preselection and the KL-fit

ln(Lmax)>-8 constraint and (b) mKL
bb

in the SR. The signal is also shown assuming SM Higgs-boson cross-section
(including ggF, VBF and V h productions) and (a) Br(H !aa! bbµµ)=0.5% and (b) Br(H !aa! bbµµ)=0.04%.
The hashed bands show the total statistical and systematic uncertainties on the backgrounds.

2 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events have large value of
ln(Lmax) as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears
at small values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away
from the primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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Figure 1: The (a) mµµ , (b) mbb before the KL fit, (c) mbbµµ before and (d) mKL
bbµµ after the KL fit for events after the

preselection stage, but removing the upper bound on mµµ . The tt̄ contribution is modelled with the simulated sample
normalised to the theoretical cross-section. The Drell–Yan contribution is taken from data templates (described in
the text) and normalised to the total yield predicted by the Drell–Yan simulation. The signal distributions for all five
simulated ma are also shown essuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and B(H ! aa ! bbµµ) = 10%. The branching ratio in this and all subsequent figures is chosen so as to give
good visibility on the plot.

a width that is small compared to the mbb resolution. The transfer function W (Êb1, Eb1 ) is a double129

Gaussian probability density function derived from simulated events as a function of jet pT and ⌘ using130

the di�erence between true and reconstructed energies. The fit determines a maximum-likelihood value131

of L (denoted by ln(Lmax)), which quantifies how well an event fits to the constraints. The b-jet momenta132

determined by the fit are used to recompute the four-body mass denoted mKL
bbµµ . As seen in Figure 1(d),133

the resolution of the mKL
bbµµ distribution for the signal is improved by a factor of about two compared134

to the pre-fit mbbµµ shown in Figure 1(c), while the background shape within the mbbµµ signal peak135

remains almost unchanged. This allows the analysis to place tighter constraints on the di�erence between136

the reconstructed invariant mass of the bbµµ system and mH , rejecting more background events, while137

keeping the signal e�ciency high.138
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• 18 < mµµ < 64 GeV 

• ln(L) > -8 

• Apply a set of cuts to select signal and reject backgrounds =  signal region
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Figure 7: The (a) mKL
bb

after the KL fit and (b) the ln(Lmax) distribution2 for events after the preselection stage, but
removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical
cross section. The Drell-Yan contribution is taken from data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
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Figure 8: The post-fit predicted and observed distributions for (a) Emiss
T after the preselection and the KL-fit

ln(Lmax)>-8 constraint and (b) mKL
bb

in the SR. The signal is also shown assuming SM Higgs-boson cross-section
(including ggF, VBF and V h productions) and (a) Br(H !aa! bbµµ)=0.5% and (b) Br(H !aa! bbµµ)=0.04%.
The hashed bands show the total statistical and systematic uncertainties on the backgrounds.

2 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events have large value of
ln(Lmax) as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears
at small values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away
from the primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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6 Results268

The expected SM background in each of the analysis regions is determined by a profile likelihood fit to269

the data. The numbers of observed and predicted events in each of the bins included in the likelihood270

are described by Poisson probability density functions. The systematic uncertainties are implemented as271

nuisance parameters constrained by Gaussian distributions with widths corresponding to the sizes of the272

uncertainties.273

The background-only version of the fit is performed to verify that the post-fit background yields agree274

with the data in the VRs and SR. In this version of the fit, only the data in TCR and DYCR are used to275

constrain the tt̄ and DY backgrounds and determine their normalisation factors. Both TCR and DYCR276

are considered as one bin each. The free fit parameters are the overall normalisation factors for the277

tt̄ and Drell–Yan backgrounds. The derived tt̄ (DY) normalisation factors are then applied to the number278

of tt̄ (DY) events as predicted by the simulation (template) in any of the VR or SR bins. The post-fit279

distributions are shown in Figures 3–5. Both the normalisation and the shapes of the predicted background280

distributions describe the data well in all of the analysis control and validation regions, as well as in the281

SR. The post-fit yields in five mµµ bins of the SR, for which the signal sample was simulated, are shown282

in Table 2.283
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Figure 3: The predicted and observed mKL
bbµµ distributions (a) after the preselection and the KL-fit ln(Lmax) > �8

constraint and (b) across DYCR, SR and VR1 (shown separated by vertical dashed lines). Both are shown after the
background-only fit and di�er only in the Emiss

T <60 GeV criterion being applied in (b). The signal distribution for
ma = 40 GeV is also shown assuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and (a) B(H ! aa ! bbµµ) = 0.5% and (b) B(H ! aa ! bbµµ) = 0.15%. The hashed bands show the total
statistical and systematic uncertainties of the backgrounds.

Since no significant deviation from the predicted background is observed in the signal region, upper limits284

on signal yields at 95% confidence level (CL) are set as a function of mµµ using the CLs prescription [76,285

77]. A series of profile likelihood fits is applied to the data in order to test 36 hypotheses for the ma value in286

steps half the size of the mass-bin width optimised in each mµµ region. In each fit the likelihood function287

is based on the observed and predicted yields in a SR mµµ bin corresponding to the ma hypothesis under288

test and on the expected and measured yields in the TCR and DYCR. The profile likelihood is maximised289

to extract the best-fit values for the signal strength and the tt̄ and DY normalisation factors.290
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• Apply a set of cuts to select signal and reject backgrounds =  signal region

➡ Look for a resonant-like excess above the 
background prediction in mµµ spectrum
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Figure 7: The (a) mKL
bb

after the KL fit and (b) the ln(Lmax) distribution2 for events after the preselection stage, but
removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical
cross section. The Drell-Yan contribution is taken from data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
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Figure 8: The post-fit predicted and observed distributions for (a) Emiss
T after the preselection and the KL-fit

ln(Lmax)>-8 constraint and (b) mKL
bb

in the SR. The signal is also shown assuming SM Higgs-boson cross-section
(including ggF, VBF and V h productions) and (a) Br(H !aa! bbµµ)=0.5% and (b) Br(H !aa! bbµµ)=0.04%.
The hashed bands show the total statistical and systematic uncertainties on the backgrounds.

2 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events have large value of
ln(Lmax) as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears
at small values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away
from the primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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The expected SM background in each of the analysis regions is determined by a profile likelihood fit to269

the data. The numbers of observed and predicted events in each of the bins included in the likelihood270

are described by Poisson probability density functions. The systematic uncertainties are implemented as271

nuisance parameters constrained by Gaussian distributions with widths corresponding to the sizes of the272

uncertainties.273

The background-only version of the fit is performed to verify that the post-fit background yields agree274

with the data in the VRs and SR. In this version of the fit, only the data in TCR and DYCR are used to275

constrain the tt̄ and DY backgrounds and determine their normalisation factors. Both TCR and DYCR276

are considered as one bin each. The free fit parameters are the overall normalisation factors for the277

tt̄ and Drell–Yan backgrounds. The derived tt̄ (DY) normalisation factors are then applied to the number278

of tt̄ (DY) events as predicted by the simulation (template) in any of the VR or SR bins. The post-fit279

distributions are shown in Figures 3–5. Both the normalisation and the shapes of the predicted background280

distributions describe the data well in all of the analysis control and validation regions, as well as in the281

SR. The post-fit yields in five mµµ bins of the SR, for which the signal sample was simulated, are shown282

in Table 2.283
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Figure 3: The predicted and observed mKL
bbµµ distributions (a) after the preselection and the KL-fit ln(Lmax) > �8

constraint and (b) across DYCR, SR and VR1 (shown separated by vertical dashed lines). Both are shown after the
background-only fit and di�er only in the Emiss

T <60 GeV criterion being applied in (b). The signal distribution for
ma = 40 GeV is also shown assuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and (a) B(H ! aa ! bbµµ) = 0.5% and (b) B(H ! aa ! bbµµ) = 0.15%. The hashed bands show the total
statistical and systematic uncertainties of the backgrounds.

Since no significant deviation from the predicted background is observed in the signal region, upper limits284

on signal yields at 95% confidence level (CL) are set as a function of mµµ using the CLs prescription [76,285

77]. A series of profile likelihood fits is applied to the data in order to test 36 hypotheses for the ma value in286

steps half the size of the mass-bin width optimised in each mµµ region. In each fit the likelihood function287

is based on the observed and predicted yields in a SR mµµ bin corresponding to the ma hypothesis under288

test and on the expected and measured yields in the TCR and DYCR. The profile likelihood is maximised289

to extract the best-fit values for the signal strength and the tt̄ and DY normalisation factors.290
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• 2 control regions (CR) to constrain the 
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sample and the DY templates are then simultaneously normalised in a likelihood fit to the data over the157

control and signal regions. Both TCR and DYCR are included in the fit as 1-bin regions. Two validation158

regions are defined to compare the number of observed events to the number of SM events as predicted159

by the fit. One validation region (VR1) is defined in the high tail of the four-object invariant mass,160

170 < mKL
bbµµ < 300 GeV, while for the second validation region (VR2) only the requirement on the161

ln(Lmax) is changed with respect to the SR, �11 < ln(L) < �8. All the analysis regions are illustrated in162

Fig. 2.163
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Figure 2: The post-fit predicted and observed distributions for Emiss
T after the preselection and KLFit ln(L)>-8

constraint (left) and mµµ in the TCR (right). The ma = 40 GeV signal is also shown in the Emiss
T distribution and is

scaled down by a factor 0.01 from its expected yield assuming SM Higgs boson cross-section (including ggF, VBF
and VH productions) and Br(H�aa� bbµµ)=100%.

hadronisation/parton showering uncertainties are found to have the largest e�ect among all the uncertainties186

on the total tt̄ expectation in the signal region: � 18% and � 16%, respectively. Systematic uncertainties187

in the modelling of initial- and final-state radiation are assessed with P����� samples showered with two188

alternative settings of P����� �6.428. The first of these uses the PERUGIA2012radHi tune and has the189

renormalisation and factorisation scales set to twice the nominal value, resulting in more radiation in the190

final state. In addition, it has H���� set to 2 � mtop. The second sample, using the PERUGIA2012radLo191

tune, has hdamp = mtop and the renormalisation and factorisation scales are set to half of their nominal192

values, resulting in less radiation in the event. This uncertainty has about 5% e�ect on the estimated193

tt̄ yields. Finally, the uncertainties due to the choice of the parton-density functions (PDF) are evaluated194

by taking the maximum di�erence in the yields between ones obtained with the nominal CT10 set and the195

the alternative PDF4LHC15 set. The PDF uncertainty has up to 2% e�ect on the final tt̄ yields.196

In addition to the experimental uncertainties described above, the uncertainties on the theoretical cross197

sections are assigned to the minor backgrounds whose yields are taken directly from the MC – dibosons,198

single top, tt̄V, with 10%, 5% and 13% uncertainties applied to their next-to-leading order cross sections.199

A conservative 100% uncertainty is applied to the W+jets process to account for the limited precission of200

MC when modeling the non-prompt muons passing the isolation criteria. Due to the minor contribution201

of the W+jets background to the analysis this uncertainty has negligible e�ect.202

The systematic uncertainties applied to the data-driven DY template include the uncertainty on the shape203

of the template and the uncertainties due to the leading jet pT reweighting and MC subtraction. The204

uncertainty on the template shape was assessed by comparing the nominal template extracted from the205

DYTR with zero b-tagged jets to the template extracted from the corresponding region, but with exactly206

one b-tagged jet. Average per-bin discrepancy between the two templates in the mµµ distribution was207

taken as an overal uncertainty on the shape, amounting to 14%. A conservative uncertainty on the MC208

subtraction was derived by comparing the nominal template after the non-DY backgrounds have been209

subtracted to the template where no MC subtraction was performed. The e�ect of this systematic on210

the DY yields in the signal region is up to 4%. Similarly, the uncertainty on the jet pT reweighting was211

derived by comparing the nominal template after the reweighting to the template where no reweighting212
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Figure 1: The (a) mµµ , (b) mbb before and (c) mKL
bb after the KLFit, (d) mbbµµ before and (e) mKL

bbµµ after the KLFit

and (f) the logarithm of the likelihood L distribution for fitted events after the preselection stage, but removing the
upper bound on mµµ . The tt̄ is taken from the MC normalised to the theoretical cross section. The Drell-Yan
contribution is taken from the data templates (described in the text) and normalised to the total yield predicted by the
Drell-Yan MC samples. The signal normalisation is chosen to give good visibility and is many times the predicted
yield. The signal events show broad mbb distributions in (b), while the mµµ distributions show a sharp resonance as
the detector has a good muon momentum resolution. After the KLFit the mbb resolution is greatly improved as seen
in (c). Likewise, the mbbµµ peak is much sharper after the KLFit in (e) compared to the pre-fit distribution in (d).

ln(L) > �8. Finally, an Emiss
T < 60 GeV requirement rejects a large portion of events containing126

di-leptonically decaying top quarks, while retaining most of the signal events, as seen in Fig. 2(left).127

Adding these three requirements after the preselection stage defines the signal enhanced region. The final128

discriminant is the mµµ distribution in the signal region (SR) divided into multiple bins of varying size.129

The window width of 2 GeV was chosen for 16 < mµµ � 40 GeV, 3 GeV for 40 < mµµ < 50 and 4 GeV130

for 50 � mµµ < 64 in order to maximise the sensitivity, while respecting the detector resolution. The131

analysis then looks for an excess in these bins.132

The dominant backgrounds in the signal region are Drell-Yan events in association with b-quarks and the133

pair production of top quarks where both W -bosons from top quarks decay into muons. Each of these134

backgrounds amounts to approximately 50% of the total background in the SR. Two control regions (CR)135

are defined to constrain the contributions of the dominant backgrounds to the signal region. They are136

chosen such that they have negligible signal contamination, but are kinematically close to the SR to retain137

precision. The top control region (TCR) is defined by applying exactly the same selection criteria as for138

the signal region, but inverting the upper bound on the missing transverse energy to Emiss
T > 60 GeV.139

The dimuon invariant mass in the TCR is shown in Fig. 2(right). The purity of TCR is about 95%. The140

Higgs boson mass sidebands of the signal region are used as the Drell-Yan control region (DYCR) – the141

constraint on the four-object invariant mass after the KLFit is inverted to 80 GeV < mKL
bbµµ < 110 GeV or142

5

was applied. This systematic has 0.8-6.8% e�ect on the estimated DY yields in the signal region.213

The systematic uncertainties on the modelling of the h � aa signal samples that correspond to the214

choice of the PDF set, QCD scale variations, and the process of parton showering (PS) are evaluated, in215

addition to the production cross section uncertainties. The uncertainties amounting to 3.9% and 2.1%216

are applied to the ggF and VBF Higgs production cross-sections, respectively, following Ref. [33, 34].217

The renormalisation and factorisation scales are independently varied up and down from their nominal218

value by a factor two and the largest deviation is taken as the overal uncertainty due to the QCD scale.219

The parton-shower uncertainties are derived by independently shifting up and down the P����� internal220

parameters that are associated to the amount of initial state radiation (ISR) and final state radiation (FSR).221

Similarly to tt̄, the PDF are evaluated by taking the maximum di�erence in the yields between ones222

obtained with the nominal PDF set and the the alternative PDF4LHC15 and NNPDF3.0 PDF sets.223

Additionally, the ggF signal samples are compared to MC samples generated with NNLOPS which has224

NNLO+NNLL accuracy in the modeling of the Higgs pT and rapidity distributions. The P����� signal225

samples are found to model the Higgs rapidity distribution well, but predict the pT to be harder than the226

higher order generator. A reweighting is derived as a function of the Higgs pT by fitting the ratio of the227

two generated pT distributions with a continuous function. The ggF signal sample is then reweighted with228

this function to obtain the nominal signal prediction. A 2% di�erence observed between the weighted and229

unweighted sample is applied as a systematic uncertainty due to the reweighting.230

Small signal contribution of the Higgs boson produced in the association with a vector boson (VH) was231

taken into account by increasing the the total cross section of the ggF and VBF processes by an estimated232

3% VH contribution. A conservative 100% uncertainty is applied to the this procedure to account for233

kinematic di�erences between the estimated VH and the generated ggF and VBF processes.234

Table 1 shows a summary of the dominant systematic uncertainties on the total background and signal235

yields across multiple mµµ bins of the signal region.236

The final signal and background yields in each of the mµµ bins of the SR are determined by a profile237

likelihood fit to the data over the TCR, DYCR and the respective SR mass-bin. Both TCR and DYCR are238

considered as one bin each. The numbers of the observed and predicted events in each of the bins included239

in the likelihood are described by Poisson probability density functions. The free fit parameters are the240

signal strength and the overall normalisation factors for the tt̄ and Drell-Yan backgrounds. The systematic241

uncertainties are implemented as nuisance parameters constrained by Gaussian distributions with widths242

corresponding to the sizes of the uncertainties.243

In the background-only version of the fit only the data in TCR and DYCR are used to constrain the tt̄ and244

DY backgrounds and determine their normalisation factors. Signal MC is not included in the fit and any245

signal contribution to the control regions is neglected. The derived tt̄ (DY) normalisation factors are then246

applied to the number of tt̄ (DY) events as predicted by the simulation (template) in any of the SR or VR247

bins. Fig. 3 shows the post-fit mKL
bbµµ distribution across DYCR, SR and VR1 (left) and the KLFit ln(L)248

distribution across VR2 and SR (right). Both the normalisation and the shapes of the predicted background249

distributions describe the data well in all of the analysis control and validation regions (see also Table 3250

in the Appendix). The post-fit yields in five mµµ bins of the SR, for which the signal MC was generated,251

are shown in Table 2. The final discriminant, mµµ , in the signal region after the background-only fit is252

shown in Fig. 4 (left) along with the mKL
bb distribution on the right-hand side.253

Since no significant excess is found above the predicted background, one-sided upper limits on signal254

yields at 95% confidence level (CL) are derived for every mµµ bin of the SR . The mµµ distribution is255

8

Ev
en

ts
 / 

10
 G

eV

0

100

200

300

400

500

600 Data
SM total
DY + jets
tt
W+jets
dibosons
single top
Vtt

=40 GeVam
(x 0.01)

ATLAS Internal
-1 = 13 TeV   36.1  fbs

preselection+ln(L)>-8

 [GeV]miss
TE

0 20 40 60 80 100 120 140 160 180 200

D
at

a 
/ S

M

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

4 
G

eV

0

10

20

30

40

50

60

70

80

90
Data
SM total
DY + jets
tt
W+jets
dibosons
single top
Vtt

ATLAS Internal
-1 = 13 TeV   36.1  fbs

TCR

 [GeV]µµm
20 30 40 50 60 70 80

D
at

a 
/ S

M

0
0.5

1
1.5

2

Figure 2: The post-fit predicted and observed distributions for Emiss
T after the preselection and KLFit ln(L)>-8

constraint (left) and mµµ in the TCR (right). The ma = 40 GeV signal is also shown in the Emiss
T distribution and is

scaled down by a factor 0.01 from its expected yield assuming SM Higgs boson cross-section (including ggF, VBF
and VH productions) and Br(H�aa� bbµµ)=100%.

hadronisation/parton showering uncertainties are found to have the largest e�ect among all the uncertainties186

on the total tt̄ expectation in the signal region: � 18% and � 16%, respectively. Systematic uncertainties187

in the modelling of initial- and final-state radiation are assessed with P����� samples showered with two188

alternative settings of P����� �6.428. The first of these uses the PERUGIA2012radHi tune and has the189

renormalisation and factorisation scales set to twice the nominal value, resulting in more radiation in the190

final state. In addition, it has H���� set to 2 � mtop. The second sample, using the PERUGIA2012radLo191

tune, has hdamp = mtop and the renormalisation and factorisation scales are set to half of their nominal192

values, resulting in less radiation in the event. This uncertainty has about 5% e�ect on the estimated193

tt̄ yields. Finally, the uncertainties due to the choice of the parton-density functions (PDF) are evaluated194

by taking the maximum di�erence in the yields between ones obtained with the nominal CT10 set and the195

the alternative PDF4LHC15 set. The PDF uncertainty has up to 2% e�ect on the final tt̄ yields.196

In addition to the experimental uncertainties described above, the uncertainties on the theoretical cross197

sections are assigned to the minor backgrounds whose yields are taken directly from the MC – dibosons,198

single top, tt̄V, with 10%, 5% and 13% uncertainties applied to their next-to-leading order cross sections.199

A conservative 100% uncertainty is applied to the W+jets process to account for the limited precission of200

MC when modeling the non-prompt muons passing the isolation criteria. Due to the minor contribution201

of the W+jets background to the analysis this uncertainty has negligible e�ect.202

The systematic uncertainties applied to the data-driven DY template include the uncertainty on the shape203

of the template and the uncertainties due to the leading jet pT reweighting and MC subtraction. The204

uncertainty on the template shape was assessed by comparing the nominal template extracted from the205

DYTR with zero b-tagged jets to the template extracted from the corresponding region, but with exactly206

one b-tagged jet. Average per-bin discrepancy between the two templates in the mµµ distribution was207

taken as an overal uncertainty on the shape, amounting to 14%. A conservative uncertainty on the MC208

subtraction was derived by comparing the nominal template after the non-DY backgrounds have been209

subtracted to the template where no MC subtraction was performed. The e�ect of this systematic on210

the DY yields in the signal region is up to 4%. Similarly, the uncertainty on the jet pT reweighting was211

derived by comparing the nominal template after the reweighting to the template where no reweighting212
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17014011080
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Figure 2: Illustration of the signal, control and validation regions used in the analysis. The corresponding DY-
template regions are defined in the same way except that the two-b-tag requirement is changed into a zero-b-tag
requirement.

The DY templates for each of the kinematic variables considered in a particular region of the analysis164

(SR, CR or VR) are taken from the data in a corresponding template region (DYTR). Each analysis region165

has an associated DYTR defined by changing the 2 b-tag requirement (present in every SR, CR and VR)166

into a zero b-tag requirement, while keeping all other selections the same. All the DYTR are > 90% pure167

in DY events. The small contribution of non-DY backgrounds, namely tt̄, dibosons, W+jets, single-top168

and tt̄V, is subtracted from the data in a DYTR using the MC samples and the remaining data events are169

assigned to the DY template. To construct b-jet based variables, such as mbb and mbbµµ, in a DYTR the170

two leading non-tagged jets are taken and used in the computation instead of the b-jets.171

It is verified on both the simulation and the data that the shapes of all the muon based variables (most172

importantly mµµ) are consistent between the sample with no b-tagged jets and the sample with two b-173

tagged jets. To account for di�erences in jet kinematics between the light-flavour jet dominated DYTR174

and the corresponding heavy-flavour jet dominated analysis region an event reweighting based on the175

leading jet pT is applied to the events in the DYTR. The event weights are derived in the data after the176

preselection as the ratio of the leading b-tagged jet pT in the two b-tag sample to the leading jet pT in in177

the sample with zero b-tags. The improvement in the modelling of jet-based kinematic variables after the178

reweighting is validated both on the simulation and on the data in the DYCR, while the shape of the mµµ179

distribution remains unchanged.180

Minor backgrounds include the diboson production, W-boson production in association with b-jets (with181

one non-prompt muon passing the isolation criteria) and either single-top or tt̄ production in association182

with a vector boson. The contribution of the minor backgrounds in the signal region is at the per-cent183

level. They are estimated using the MC simulation normalised to the best available theory prediction.184
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6 Results268

The expected SM background in each of the analysis regions is determined by a profile likelihood fit to269

the data. The numbers of observed and predicted events in each of the bins included in the likelihood270

are described by Poisson probability density functions. The systematic uncertainties are implemented as271

nuisance parameters constrained by Gaussian distributions with widths corresponding to the sizes of the272

uncertainties.273

The background-only version of the fit is performed to verify that the post-fit background yields agree274

with the data in the VRs and SR. In this version of the fit, only the data in TCR and DYCR are used to275

constrain the tt̄ and DY backgrounds and determine their normalisation factors. Both TCR and DYCR276

are considered as one bin each. The free fit parameters are the overall normalisation factors for the277

tt̄ and Drell–Yan backgrounds. The derived tt̄ (DY) normalisation factors are then applied to the number278

of tt̄ (DY) events as predicted by the simulation (template) in any of the VR or SR bins. The post-fit279

distributions are shown in Figures 3–5. Both the normalisation and the shapes of the predicted background280

distributions describe the data well in all of the analysis control and validation regions, as well as in the281

SR. The post-fit yields in five mµµ bins of the SR, for which the signal sample was simulated, are shown282

in Table 2.283
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Figure 3: The predicted and observed mKL
bbµµ distributions (a) after the preselection and the KL-fit ln(Lmax) > �8

constraint and (b) across DYCR, SR and VR1 (shown separated by vertical dashed lines). Both are shown after the
background-only fit and di�er only in the Emiss

T <60 GeV criterion being applied in (b). The signal distribution for
ma = 40 GeV is also shown assuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and (a) B(H ! aa ! bbµµ) = 0.5% and (b) B(H ! aa ! bbµµ) = 0.15%. The hashed bands show the total
statistical and systematic uncertainties of the backgrounds.

Since no significant deviation from the predicted background is observed in the signal region, upper limits284

on signal yields at 95% confidence level (CL) are set as a function of mµµ using the CLs prescription [76,285

77]. A series of profile likelihood fits is applied to the data in order to test 36 hypotheses for the ma value in286

steps half the size of the mass-bin width optimised in each mµµ region. In each fit the likelihood function287

is based on the observed and predicted yields in a SR mµµ bin corresponding to the ma hypothesis under288

test and on the expected and measured yields in the TCR and DYCR. The profile likelihood is maximised289

to extract the best-fit values for the signal strength and the tt̄ and DY normalisation factors.290
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Background estimation
• ttbar: Model shapes of kinematic distributions with MC
• DY+jets: Model shapes of kinematic distributions with the template extracted from the data
‣Normalize tt MC & DY template simultaneously in a fit to the data over CRs

• Minor backgrounds (dibosons, single-top, ttV & W+jets) contribute ~1% in the SR
‣Estimate using MC only
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sample and the DY templates are then simultaneously normalised in a likelihood fit to the data over the157

control and signal regions. Both TCR and DYCR are included in the fit as 1-bin regions. Two validation158

regions are defined to compare the number of observed events to the number of SM events as predicted159

by the fit. One validation region (VR1) is defined in the high tail of the four-object invariant mass,160

170 < mKL
bbµµ < 300 GeV, while for the second validation region (VR2) only the requirement on the161

ln(Lmax) is changed with respect to the SR, �11 < ln(L) < �8. All the analysis regions are illustrated in162

Fig. 2.163
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Figure 2: The post-fit predicted and observed distributions for Emiss
T after the preselection and KLFit ln(L)>-8

constraint (left) and mµµ in the TCR (right). The ma = 40 GeV signal is also shown in the Emiss
T distribution and is

scaled down by a factor 0.01 from its expected yield assuming SM Higgs boson cross-section (including ggF, VBF
and VH productions) and Br(H�aa� bbµµ)=100%.

hadronisation/parton showering uncertainties are found to have the largest e�ect among all the uncertainties186

on the total tt̄ expectation in the signal region: � 18% and � 16%, respectively. Systematic uncertainties187

in the modelling of initial- and final-state radiation are assessed with P����� samples showered with two188

alternative settings of P����� �6.428. The first of these uses the PERUGIA2012radHi tune and has the189

renormalisation and factorisation scales set to twice the nominal value, resulting in more radiation in the190

final state. In addition, it has H���� set to 2 � mtop. The second sample, using the PERUGIA2012radLo191

tune, has hdamp = mtop and the renormalisation and factorisation scales are set to half of their nominal192

values, resulting in less radiation in the event. This uncertainty has about 5% e�ect on the estimated193

tt̄ yields. Finally, the uncertainties due to the choice of the parton-density functions (PDF) are evaluated194

by taking the maximum di�erence in the yields between ones obtained with the nominal CT10 set and the195

the alternative PDF4LHC15 set. The PDF uncertainty has up to 2% e�ect on the final tt̄ yields.196

In addition to the experimental uncertainties described above, the uncertainties on the theoretical cross197

sections are assigned to the minor backgrounds whose yields are taken directly from the MC – dibosons,198

single top, tt̄V, with 10%, 5% and 13% uncertainties applied to their next-to-leading order cross sections.199

A conservative 100% uncertainty is applied to the W+jets process to account for the limited precission of200

MC when modeling the non-prompt muons passing the isolation criteria. Due to the minor contribution201

of the W+jets background to the analysis this uncertainty has negligible e�ect.202

The systematic uncertainties applied to the data-driven DY template include the uncertainty on the shape203

of the template and the uncertainties due to the leading jet pT reweighting and MC subtraction. The204

uncertainty on the template shape was assessed by comparing the nominal template extracted from the205

DYTR with zero b-tagged jets to the template extracted from the corresponding region, but with exactly206

one b-tagged jet. Average per-bin discrepancy between the two templates in the mµµ distribution was207

taken as an overal uncertainty on the shape, amounting to 14%. A conservative uncertainty on the MC208

subtraction was derived by comparing the nominal template after the non-DY backgrounds have been209

subtracted to the template where no MC subtraction was performed. The e�ect of this systematic on210

the DY yields in the signal region is up to 4%. Similarly, the uncertainty on the jet pT reweighting was211

derived by comparing the nominal template after the reweighting to the template where no reweighting212
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Figure 1: The (a) mµµ , (b) mbb before and (c) mKL
bb after the KLFit, (d) mbbµµ before and (e) mKL

bbµµ after the KLFit

and (f) the logarithm of the likelihood L distribution for fitted events after the preselection stage, but removing the
upper bound on mµµ . The tt̄ is taken from the MC normalised to the theoretical cross section. The Drell-Yan
contribution is taken from the data templates (described in the text) and normalised to the total yield predicted by the
Drell-Yan MC samples. The signal normalisation is chosen to give good visibility and is many times the predicted
yield. The signal events show broad mbb distributions in (b), while the mµµ distributions show a sharp resonance as
the detector has a good muon momentum resolution. After the KLFit the mbb resolution is greatly improved as seen
in (c). Likewise, the mbbµµ peak is much sharper after the KLFit in (e) compared to the pre-fit distribution in (d).

ln(L) > �8. Finally, an Emiss
T < 60 GeV requirement rejects a large portion of events containing126

di-leptonically decaying top quarks, while retaining most of the signal events, as seen in Fig. 2(left).127

Adding these three requirements after the preselection stage defines the signal enhanced region. The final128

discriminant is the mµµ distribution in the signal region (SR) divided into multiple bins of varying size.129

The window width of 2 GeV was chosen for 16 < mµµ � 40 GeV, 3 GeV for 40 < mµµ < 50 and 4 GeV130

for 50 � mµµ < 64 in order to maximise the sensitivity, while respecting the detector resolution. The131

analysis then looks for an excess in these bins.132

The dominant backgrounds in the signal region are Drell-Yan events in association with b-quarks and the133

pair production of top quarks where both W -bosons from top quarks decay into muons. Each of these134

backgrounds amounts to approximately 50% of the total background in the SR. Two control regions (CR)135

are defined to constrain the contributions of the dominant backgrounds to the signal region. They are136

chosen such that they have negligible signal contamination, but are kinematically close to the SR to retain137

precision. The top control region (TCR) is defined by applying exactly the same selection criteria as for138

the signal region, but inverting the upper bound on the missing transverse energy to Emiss
T > 60 GeV.139

The dimuon invariant mass in the TCR is shown in Fig. 2(right). The purity of TCR is about 95%. The140

Higgs boson mass sidebands of the signal region are used as the Drell-Yan control region (DYCR) – the141

constraint on the four-object invariant mass after the KLFit is inverted to 80 GeV < mKL
bbµµ < 110 GeV or142

5

was applied. This systematic has 0.8-6.8% e�ect on the estimated DY yields in the signal region.213

The systematic uncertainties on the modelling of the h � aa signal samples that correspond to the214

choice of the PDF set, QCD scale variations, and the process of parton showering (PS) are evaluated, in215

addition to the production cross section uncertainties. The uncertainties amounting to 3.9% and 2.1%216

are applied to the ggF and VBF Higgs production cross-sections, respectively, following Ref. [33, 34].217

The renormalisation and factorisation scales are independently varied up and down from their nominal218

value by a factor two and the largest deviation is taken as the overal uncertainty due to the QCD scale.219

The parton-shower uncertainties are derived by independently shifting up and down the P����� internal220

parameters that are associated to the amount of initial state radiation (ISR) and final state radiation (FSR).221

Similarly to tt̄, the PDF are evaluated by taking the maximum di�erence in the yields between ones222

obtained with the nominal PDF set and the the alternative PDF4LHC15 and NNPDF3.0 PDF sets.223

Additionally, the ggF signal samples are compared to MC samples generated with NNLOPS which has224

NNLO+NNLL accuracy in the modeling of the Higgs pT and rapidity distributions. The P����� signal225

samples are found to model the Higgs rapidity distribution well, but predict the pT to be harder than the226

higher order generator. A reweighting is derived as a function of the Higgs pT by fitting the ratio of the227

two generated pT distributions with a continuous function. The ggF signal sample is then reweighted with228

this function to obtain the nominal signal prediction. A 2% di�erence observed between the weighted and229

unweighted sample is applied as a systematic uncertainty due to the reweighting.230

Small signal contribution of the Higgs boson produced in the association with a vector boson (VH) was231

taken into account by increasing the the total cross section of the ggF and VBF processes by an estimated232

3% VH contribution. A conservative 100% uncertainty is applied to the this procedure to account for233

kinematic di�erences between the estimated VH and the generated ggF and VBF processes.234

Table 1 shows a summary of the dominant systematic uncertainties on the total background and signal235

yields across multiple mµµ bins of the signal region.236

The final signal and background yields in each of the mµµ bins of the SR are determined by a profile237

likelihood fit to the data over the TCR, DYCR and the respective SR mass-bin. Both TCR and DYCR are238

considered as one bin each. The numbers of the observed and predicted events in each of the bins included239

in the likelihood are described by Poisson probability density functions. The free fit parameters are the240

signal strength and the overall normalisation factors for the tt̄ and Drell-Yan backgrounds. The systematic241

uncertainties are implemented as nuisance parameters constrained by Gaussian distributions with widths242

corresponding to the sizes of the uncertainties.243

In the background-only version of the fit only the data in TCR and DYCR are used to constrain the tt̄ and244

DY backgrounds and determine their normalisation factors. Signal MC is not included in the fit and any245

signal contribution to the control regions is neglected. The derived tt̄ (DY) normalisation factors are then246

applied to the number of tt̄ (DY) events as predicted by the simulation (template) in any of the SR or VR247

bins. Fig. 3 shows the post-fit mKL
bbµµ distribution across DYCR, SR and VR1 (left) and the KLFit ln(L)248

distribution across VR2 and SR (right). Both the normalisation and the shapes of the predicted background249

distributions describe the data well in all of the analysis control and validation regions (see also Table 3250

in the Appendix). The post-fit yields in five mµµ bins of the SR, for which the signal MC was generated,251

are shown in Table 2. The final discriminant, mµµ , in the signal region after the background-only fit is252

shown in Fig. 4 (left) along with the mKL
bb distribution on the right-hand side.253

Since no significant excess is found above the predicted background, one-sided upper limits on signal254

yields at 95% confidence level (CL) are derived for every mµµ bin of the SR . The mµµ distribution is255
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Figure 2: The post-fit predicted and observed distributions for Emiss
T after the preselection and KLFit ln(L)>-8

constraint (left) and mµµ in the TCR (right). The ma = 40 GeV signal is also shown in the Emiss
T distribution and is

scaled down by a factor 0.01 from its expected yield assuming SM Higgs boson cross-section (including ggF, VBF
and VH productions) and Br(H�aa� bbµµ)=100%.

hadronisation/parton showering uncertainties are found to have the largest e�ect among all the uncertainties186

on the total tt̄ expectation in the signal region: � 18% and � 16%, respectively. Systematic uncertainties187

in the modelling of initial- and final-state radiation are assessed with P����� samples showered with two188

alternative settings of P����� �6.428. The first of these uses the PERUGIA2012radHi tune and has the189

renormalisation and factorisation scales set to twice the nominal value, resulting in more radiation in the190

final state. In addition, it has H���� set to 2 � mtop. The second sample, using the PERUGIA2012radLo191

tune, has hdamp = mtop and the renormalisation and factorisation scales are set to half of their nominal192

values, resulting in less radiation in the event. This uncertainty has about 5% e�ect on the estimated193

tt̄ yields. Finally, the uncertainties due to the choice of the parton-density functions (PDF) are evaluated194

by taking the maximum di�erence in the yields between ones obtained with the nominal CT10 set and the195

the alternative PDF4LHC15 set. The PDF uncertainty has up to 2% e�ect on the final tt̄ yields.196

In addition to the experimental uncertainties described above, the uncertainties on the theoretical cross197

sections are assigned to the minor backgrounds whose yields are taken directly from the MC – dibosons,198

single top, tt̄V, with 10%, 5% and 13% uncertainties applied to their next-to-leading order cross sections.199

A conservative 100% uncertainty is applied to the W+jets process to account for the limited precission of200

MC when modeling the non-prompt muons passing the isolation criteria. Due to the minor contribution201

of the W+jets background to the analysis this uncertainty has negligible e�ect.202

The systematic uncertainties applied to the data-driven DY template include the uncertainty on the shape203

of the template and the uncertainties due to the leading jet pT reweighting and MC subtraction. The204

uncertainty on the template shape was assessed by comparing the nominal template extracted from the205

DYTR with zero b-tagged jets to the template extracted from the corresponding region, but with exactly206

one b-tagged jet. Average per-bin discrepancy between the two templates in the mµµ distribution was207

taken as an overal uncertainty on the shape, amounting to 14%. A conservative uncertainty on the MC208

subtraction was derived by comparing the nominal template after the non-DY backgrounds have been209

subtracted to the template where no MC subtraction was performed. The e�ect of this systematic on210

the DY yields in the signal region is up to 4%. Similarly, the uncertainty on the jet pT reweighting was211

derived by comparing the nominal template after the reweighting to the template where no reweighting212
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Figure 2: Illustration of the signal, control and validation regions used in the analysis. The corresponding DY-
template regions are defined in the same way except that the two-b-tag requirement is changed into a zero-b-tag
requirement.

The DY templates for each of the kinematic variables considered in a particular region of the analysis164

(SR, CR or VR) are taken from the data in a corresponding template region (DYTR). Each analysis region165

has an associated DYTR defined by changing the 2 b-tag requirement (present in every SR, CR and VR)166

into a zero b-tag requirement, while keeping all other selections the same. All the DYTR are > 90% pure167

in DY events. The small contribution of non-DY backgrounds, namely tt̄, dibosons, W+jets, single-top168

and tt̄V, is subtracted from the data in a DYTR using the MC samples and the remaining data events are169

assigned to the DY template. To construct b-jet based variables, such as mbb and mbbµµ, in a DYTR the170

two leading non-tagged jets are taken and used in the computation instead of the b-jets.171

It is verified on both the simulation and the data that the shapes of all the muon based variables (most172

importantly mµµ) are consistent between the sample with no b-tagged jets and the sample with two b-173

tagged jets. To account for di�erences in jet kinematics between the light-flavour jet dominated DYTR174

and the corresponding heavy-flavour jet dominated analysis region an event reweighting based on the175

leading jet pT is applied to the events in the DYTR. The event weights are derived in the data after the176

preselection as the ratio of the leading b-tagged jet pT in the two b-tag sample to the leading jet pT in in177

the sample with zero b-tags. The improvement in the modelling of jet-based kinematic variables after the178

reweighting is validated both on the simulation and on the data in the DYCR, while the shape of the mµµ179

distribution remains unchanged.180

Minor backgrounds include the diboson production, W-boson production in association with b-jets (with181

one non-prompt muon passing the isolation criteria) and either single-top or tt̄ production in association182

with a vector boson. The contribution of the minor backgrounds in the signal region is at the per-cent183

level. They are estimated using the MC simulation normalised to the best available theory prediction.184
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6 Results268

The expected SM background in each of the analysis regions is determined by a profile likelihood fit to269

the data. The numbers of observed and predicted events in each of the bins included in the likelihood270

are described by Poisson probability density functions. The systematic uncertainties are implemented as271

nuisance parameters constrained by Gaussian distributions with widths corresponding to the sizes of the272

uncertainties.273

The background-only version of the fit is performed to verify that the post-fit background yields agree274

with the data in the VRs and SR. In this version of the fit, only the data in TCR and DYCR are used to275

constrain the tt̄ and DY backgrounds and determine their normalisation factors. Both TCR and DYCR276

are considered as one bin each. The free fit parameters are the overall normalisation factors for the277

tt̄ and Drell–Yan backgrounds. The derived tt̄ (DY) normalisation factors are then applied to the number278

of tt̄ (DY) events as predicted by the simulation (template) in any of the VR or SR bins. The post-fit279

distributions are shown in Figures 3–5. Both the normalisation and the shapes of the predicted background280

distributions describe the data well in all of the analysis control and validation regions, as well as in the281

SR. The post-fit yields in five mµµ bins of the SR, for which the signal sample was simulated, are shown282

in Table 2.283
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Figure 3: The predicted and observed mKL
bbµµ distributions (a) after the preselection and the KL-fit ln(Lmax) > �8

constraint and (b) across DYCR, SR and VR1 (shown separated by vertical dashed lines). Both are shown after the
background-only fit and di�er only in the Emiss

T <60 GeV criterion being applied in (b). The signal distribution for
ma = 40 GeV is also shown assuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and (a) B(H ! aa ! bbµµ) = 0.5% and (b) B(H ! aa ! bbµµ) = 0.15%. The hashed bands show the total
statistical and systematic uncertainties of the backgrounds.

Since no significant deviation from the predicted background is observed in the signal region, upper limits284

on signal yields at 95% confidence level (CL) are set as a function of mµµ using the CLs prescription [76,285

77]. A series of profile likelihood fits is applied to the data in order to test 36 hypotheses for the ma value in286

steps half the size of the mass-bin width optimised in each mµµ region. In each fit the likelihood function287

is based on the observed and predicted yields in a SR mµµ bin corresponding to the ma hypothesis under288

test and on the expected and measured yields in the TCR and DYCR. The profile likelihood is maximised289

to extract the best-fit values for the signal strength and the tt̄ and DY normalisation factors.290
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DY templates
• For each analysis region define the DY template region (DYTR) by requiring 0 b-

tagged jets in an event (instead of 2 b-tagged jets)

• All other selection criteria remain the same

• DYTR defined in such way are >90% pure in DY+jets events

• Use 2 leading non b-tagged jets in construction of mbb & mbbµµ

?

Lj. Morvaj H->aa->bbµµ

DY-template method

8

 Use the data-driven template for DY+jets
• DY-templates taken from the data in a bVeto region (DYTR):
‣ Invert only the 2-b-tag requirement into bVeto, all other cuts the same
‣ Subtract non-Z contributions using MC (tt, DB, st, W+jets, ttV)
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Illinois 
ChangFit regions and procedures
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Post-fit distributions
• Good agreement between the data and the background expectation, both in 

shape and normalisation in all CRs & VRs
• No excess observed in the SR

ATLAS DRAFT
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Figure 4: The predicted and observed KL-fit ln(Lmax) distribution across VR2 and SR (shown separated by a vertical
dashed line) after the background-only fit. The signal distribution for ma = 40 GeV is also shown assuming the
SM Higgs boson cross-section (including ggF, VBF and V H production) and B(H ! aa ! bbµµ) = 0.1%. The
hashed bands show the total statistical and systematic uncertainties of the backgrounds.
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Figure 5: The predicted and observed mµµ distributions in the SR after the background-only fit. The signal
distributions are also shown assuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and B(H ! aa ! bbµµ) = 0.04%. The hashed bands show the total statistical and systematic uncertainties of the
backgrounds.
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6 Results268

The expected SM background in each of the analysis regions is determined by a profile likelihood fit to269

the data. The numbers of observed and predicted events in each of the bins included in the likelihood270

are described by Poisson probability density functions. The systematic uncertainties are implemented as271

nuisance parameters constrained by Gaussian distributions with widths corresponding to the sizes of the272

uncertainties.273

The background-only version of the fit is performed to verify that the post-fit background yields agree274

with the data in the VRs and SR. In this version of the fit, only the data in TCR and DYCR are used to275

constrain the tt̄ and DY backgrounds and determine their normalisation factors. Both TCR and DYCR276

are considered as one bin each. The free fit parameters are the overall normalisation factors for the277

tt̄ and Drell–Yan backgrounds. The derived tt̄ (DY) normalisation factors are then applied to the number278

of tt̄ (DY) events as predicted by the simulation (template) in any of the VR or SR bins. The post-fit279

distributions are shown in Figures 3–5. Both the normalisation and the shapes of the predicted background280

distributions describe the data well in all of the analysis control and validation regions, as well as in the281

SR. The post-fit yields in five mµµ bins of the SR, for which the signal sample was simulated, are shown282

in Table 2.283
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Figure 3: The predicted and observed mKL
bbµµ distributions (a) after the preselection and the KL-fit ln(Lmax) > �8

constraint and (b) across DYCR, SR and VR1 (shown separated by vertical dashed lines). Both are shown after the
background-only fit and di�er only in the Emiss

T <60 GeV criterion being applied in (b). The signal distribution for
ma = 40 GeV is also shown assuming the SM Higgs boson cross-section (including ggF, VBF and V H production)
and (a) B(H ! aa ! bbµµ) = 0.5% and (b) B(H ! aa ! bbµµ) = 0.15%. The hashed bands show the total
statistical and systematic uncertainties of the backgrounds.

Since no significant deviation from the predicted background is observed in the signal region, upper limits284

on signal yields at 95% confidence level (CL) are set as a function of mµµ using the CLs prescription [76,285

77]. A series of profile likelihood fits is applied to the data in order to test 36 hypotheses for the ma value in286

steps half the size of the mass-bin width optimised in each mµµ region. In each fit the likelihood function287

is based on the observed and predicted yields in a SR mµµ bin corresponding to the ma hypothesis under288

test and on the expected and measured yields in the TCR and DYCR. The profile likelihood is maximised289

to extract the best-fit values for the signal strength and the tt̄ and DY normalisation factors.290
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Post-fit distributions
• Good agreement between the data and the background expectation, both in 

shape and normalisation in all CRs & VRs
• No excess observed in the SR
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Figure 5: The predicted and observed mµµ distributions in the SR after the background-only fit. The signal
distributions are also shown assuming the SM Higgs boson cross-section (including ggF, VBF and VH production)
and B(H ! aa ! bbµµ) = 0.04%. The hashed bands show the total statistical and systematic uncertainties of the
backgrounds.

Table 2: Total and individual background yields in five representative mµµ bins of the signal region. The yields
are the post-fit values as determined by the background-only fit. The uncertainties shown include all systematic
uncertainties and the statistical MC uncertainty. W+jets contribution in the SR is found to be negligible and is
therefore not shown in the table.

mµµ bin [GeV] [19–21] [29–31] [39–41] [48–52] [58–62]

Observed events 6 6 16 48 29

Total background 4.84 ± 0.97 7.8 ± 1.2 13.7 ± 2.2 37.9 ± 5.1 30.8 ± 4.2

tt̄ 0.96 ± 0.29 3.08 ± 0.74 6.6 ± 1.5 18.1 ± 4.3 14.8 ± 3.3
DY 3.88 ± 0.92 4.5 ± 1.1 7.1 ± 1.7 19.0 ± 4.5 15.5 ± 3.6
Dibosons < 0.01 < 0.01 0.02+0.04

�0.02 0.26 ± 0.16 0.3 ± 0.1
Single top < 0.01 0.2 ± 0.2 < 0.01 0.65+0.97

�0.65 0.09+0.19
�0.09

tt̄V < 0.01 < 0.01 < 0.01 0.01+0.02
�0.01 0.05 ± 0.03
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Figure 7: The (a) mKL
bb

after the KL fit and (b) the ln(Lmax) distribution2 for events after the preselection stage, but
removing the upper bound on mµµ . The tt̄ is modelled with the simulated sample normalised to the theoretical
cross section. The Drell-Yan contribution is taken from data templates (described in the text) and normalised to the
total yield predicted by the Drell-Yan simulation. The signal distributions for all five simulated ma are also shown
assuming SM Higgs-boson cross-section (including ggF, VBF and V h productions) and Br(H !aa! bbµµ)=10%
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Figure 8: The post-fit predicted and observed distributions for (a) Emiss
T after the preselection and the KL-fit

ln(Lmax)>-8 constraint and (b) mKL
bb

in the SR. The signal is also shown assuming SM Higgs-boson cross-section
(including ggF, VBF and V h productions) and (a) Br(H !aa! bbµµ)=0.5% and (b) Br(H !aa! bbµµ)=0.04%.
The hashed bands show the total statistical and systematic uncertainties on the backgrounds.

2 The peak in the ln(Lmax) distribution appears due to the bulk of events of a particular process preferentially populating a
certain level of (in)compatibility with mbb ' mµµ hypothesis. For the signal the bulk of the events have large value of
ln(Lmax) as they naturally satisfy the mbb ' mµµ constraint. For the background events this primary “natural” peak appears
at small values of ln(Lmax). The secondary peak for the backgrounds appears in the tail of the ln(Lmax) distribution (away
from the primary peak) where the di-object masses are by chance close enough to be able to meet the mass constraint.
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Limits

limits are set in the 20  ma  60 GeV range for which the signal samples were simulated and range
between 2 ⇥ 10�4 and 10�3 (see Figure 6(a)).

A model-independent fit that does not include any prediction for the signal yields in SRs and CRs is also
performed. The upper limit on the number of BSM events for each mass bin of the SR is translated to a
95% CL upper bound on the visible cross-section for new physics times branching ratio into bbµµ final
state (including the KL fit constraint on mbb ⇠ mµµ), �vis(X)⇥B(X ! bbµµ). The visible cross-section is
defined as the product of the production cross-section and acceptance⇥ e�ciency (�vis(X) = �prod(X)⇥✏X)
of a potential signal after all the analysis selection criteria have been applied. The limits range from 0.1 fb
to 0.73 fb, depending on the dimuon mass, and are shown in Figure 6(b). The most significant excess
of data over the SM prediction is found at mµµ = 38 GeV, with a local significance of 1.6 standard
deviations.
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Figure 6: The (a) observed and expected upper limits at the 95% confidence level on B(H ! aa ! bbµµ) given the
SM Higgs boson production cross-section in the ggF, VBF and VH modes and (b) model-independent upper limits
on the visible cross-section for new physics times branching ratio to the bbµµ final state �vis(X) ⇥ B(X ! bbµµ).

7 Conclusions

In summary, a search for exotic decays of the Higgs boson into two spin-zero particles in the bbµµ
final state is presented. The analysis uses 36.1 fb�1 of pp collision data collected by ATLAS during
the 2015 and 2016 runs of the LHC at

p
s = 13 TeV. The search for a narrow dimuon resonance is

performed over the range 18 GeV  mµµ  62 GeV using mass bins that are 2, 3 or 4 GeV wide depending
on mµµ. No significant excess of the data above the SM prediction is observed. Upper limits are set on
(�H/�SM)⇥B(H ! aa ! bbµµ) and range between 1.2⇥10�4 and 8.4⇥10�4, depending on ma. In Type-
III 2HDM+S scenario with tan � = 2 these limits translate into upper limits on (�H/�SM) ⇥ B(H ! aa)
ranging between 7% and 47%. Model-independent limits are set on the visible cross-section for new
physics times branching ratio to the bbµµ final state (�vis(X) ⇥ B(X ! bbµµ)), and range from 0.1 fb to
0.73 fb, depending on the dimuon mass.
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limits are set in the 20  ma  60 GeV range for which the signal samples were simulated and range
between 2 ⇥ 10�4 and 10�3 (see Figure 6(a)).

A model-independent fit that does not include any prediction for the signal yields in SRs and CRs is also
performed. The upper limit on the number of BSM events for each mass bin of the SR is translated to a
95% CL upper bound on the visible cross-section for new physics times branching ratio into bbµµ final
state (including the KL fit constraint on mbb ⇠ mµµ), �vis(X)⇥B(X ! bbµµ). The visible cross-section is
defined as the product of the production cross-section and acceptance⇥ e�ciency (�vis(X) = �prod(X)⇥✏X)
of a potential signal after all the analysis selection criteria have been applied. The limits range from 0.1 fb
to 0.73 fb, depending on the dimuon mass, and are shown in Figure 6(b). The most significant excess
of data over the SM prediction is found at mµµ = 38 GeV, with a local significance of 1.6 standard
deviations.
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Figure 6: The (a) observed and expected upper limits at the 95% confidence level on B(H ! aa ! bbµµ) given the
SM Higgs boson production cross-section in the ggF, VBF and VH modes and (b) model-independent upper limits
on the visible cross-section for new physics times branching ratio to the bbµµ final state �vis(X) ⇥ B(X ! bbµµ).

7 Conclusions

In summary, a search for exotic decays of the Higgs boson into two spin-zero particles in the bbµµ
final state is presented. The analysis uses 36.1 fb�1 of pp collision data collected by ATLAS during
the 2015 and 2016 runs of the LHC at

p
s = 13 TeV. The search for a narrow dimuon resonance is

performed over the range 18 GeV  mµµ  62 GeV using mass bins that are 2, 3 or 4 GeV wide depending
on mµµ. No significant excess of the data above the SM prediction is observed. Upper limits are set on
(�H/�SM)⇥B(H ! aa ! bbµµ) and range between 1.2⇥10�4 and 8.4⇥10�4, depending on ma. In Type-
III 2HDM+S scenario with tan � = 2 these limits translate into upper limits on (�H/�SM) ⇥ B(H ! aa)
ranging between 7% and 47%. Model-independent limits are set on the visible cross-section for new
physics times branching ratio to the bbµµ final state (�vis(X) ⇥ B(X ! bbµµ)), and range from 0.1 fb to
0.73 fb, depending on the dimuon mass.
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What does this mean?
• Assuming SM H production cross section, limits are Br(H→aa→bbµµ)< 0.03%

• Plug in an allowed value for H→aa: Br(H→aa)=20%
‣  Br(aa→bbµµ)< 0.15%
‣ Under the above assumptions, the most optimistic 2HDM+S model predicting 

Br(aa→bbµµ)=0.16% is excluded at 95% CL

➡ The analysis is probing interesting parameter space
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FIG. 1: Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan� = 4 (left) and a type-III model with
tan� = 2 (right). For the type-II model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 4.0 ⇥ 10�4 for 15 GeV < ma < mh/2, which
is very similar to the SM+S scenario, see Table I. For the type-III model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 1.6 ⇥ 10�3 for
15 GeV < ma < mh/2, which is enhanced by about a factor of 4 compared to the SM+S in Table I.

FIG. 2: Br(h ! 2a ! 2b2µ)/Br(h ! 2a) of a CP-odd scalar, a, (left) and CP-even scalar, s, (right) in 2HDM+S with a fixed
mass ma(s) = 40 GeV.

a function of tan� for a CP-odd scalar a, while in the
right plot we consider a CP-even scalar s for two choices
of ↵0 (the scalar mass is set to 40 GeV). In both cases,
the maximum value of Br(h ! 2a(s) ! 2b2µ)/Br(h !

2a(s)) of the type-III 2HDM+S (' 0.0016) is about four
times greater than that for type-I or II (' 0.0004).

The maximum value of Br(h ! 2a ! 2b2µ)/Br(h !

2a) in the type-III 2HDM+S model can be understood
simply as follows. From Table II, the coupling of abb̄

(a⌧+⌧� and aµ
+
µ
�) scales as 1/ tan� (tan�). Thus,

keeping only the most important terms and ignoring
phase space and QCD corrections,

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
⇠

6m2

b
m

2

µ

m4
⌧
tan4� + 9m4

b
cot4� + 6m2

b
m2

⌧

.

(4)
This is maximized for tan� ⇠ (

p
3mb/m⌧ )1/2 ⇠ 2, with

the maximum value given by

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
'

"µ⌧

2
, (5)

where

"µ⌧ ⌘
Br(a ! 2µ)

Br(a ! 2⌧)
⇡

m
2

µ

m2
⌧

⇡ 0.0035. (6)

(The derivation for the CP-even scalar is identical, up to
the replacement tan� ! � sin↵/ cos�.) Interestingly,
as we discuss in §IV, the sensitivity of a 2b2µ search to
Br(h ! 2a) in these somewhat leptophilic scenarios is
competitive with purely leptonic searches like h ! 2⌧2µ,
while providing a potentially cleaner final state for ex-
perimental reconstruction.

C. NMSSM

An important example of a model with a non-minimal
scalar sector is the NMSSM (see, e.g., [36] for review).
An additional Higgs singlet superfield Ŝ is introduced to
address the µ problem of the MSSM. The Higgs super-
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section for pp ! (H/A) + X is enhanced at large tan�
so the lack of a signal sets an upper limit on tan� as
a function of mA,H . This limit is roughly tan� < 10
at mA,H = 300 GeV, and weakens to tan� < 60 at
mA,H = 900 GeV.

IV. CONSTRAINTS ON THE DARK SECTOR

In this section we investigate the limits on the media-
tor mass and the mixing angle between the mediator and
the pseudoscalar of the 2HDM. Taking the heavy Higgs
search described above into account, we fix the other pa-
rameters to the benchmark values mH = mH± ' mA =
800 GeV, tan� = 40, ↵ = � � ⇡/2, and y� = 0.5 and
comment on changing these later. We first consider the
spin-independent direct detection cross section induced
at one-loop. Current limits from direct detection exper-
iments do not constrain this model, but future searches
can possibly probe interesting regions of parameter space.
We next consider Higgs decays to the pseudoscalar medi-
ator. Searches for h ! bb̄ can be used to put bounds to
h ! aa ! 4b decays for mh > 2ma and future h ! 2b2µ
searches could probe much more of the ma-✓ parameter
space. Indirect limits on the branching for h ! aa from
global Higgs property fits are also quite constraining. We
then consider changes to the Bs ! µ

+
µ
� branching ra-

tio. Since this has been measured to be very close to its
SM value, it is particularly constraining for a light me-
diator. Finally, we consider monojet searches. Our main
results are summarized in Fig. 1.

A. Direct Detection

One of the virtues of this model is that single pseu-
doscalar exchange between � and quarks leads to (highly
suppressed) spin-dependent scattering of the DM on nu-
clei [13, 14]. At one-loop, however, spin-independent in-
teractions are generated through the diagrams shown in
Fig. 2. The top diagram (plus its crossed version) leads
to an e↵ective interaction between � and b quarks at zero
momentum transfer given by
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X
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The function F is given in the Appendix in Eq. A.1.
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FIG. 1. Regions of mixing angle ✓ vs. ma that are ruled
out or suggested by various measurements. We have fixed
mH,H± ' mA = 800 GeV, tan � = 40, ↵ = � � ⇡/2, and
y� = 0.5. The area that gives an annihilation cross section
of h�vreli = 1 � 5 ⇥ 10�26 cm3/s as indicated by fits to the
gamma ray excess is between the solid black lines (shaded
in green). The shaded purple region above the solid pur-
ple line is in 2� conflict with the LHCb measurement of
Bs ! µ+µ�. The darker red region with the solid outline
is ruled out by h ! bb̄ constraints on the h ! 4b signal.
The larger, lighter red region with a solid outline is ruled
out from the indirect limit Br (h ! aa) < 0.22 coming from
fits to Higgs properties, assuming SM Higgs production. The
dashed red line shows the area that could be probed by lim-
iting Br (h ! aa ! 2b2µ) . 10�4. The blue region labeled
LUX is in conflict with the limit �SI < 8 ⇥ 10�46 cm2 while
the area above the blue dashed line leads to �SI > 10�49 cm2,
potentially accessible at the next generation of direct detec-
tion experiments. The orange region shows the area ruled out
by a mono-b-jet search at 8 TeV with 20 fb�1 of data. See
text for details.
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tum transfer between � and �̄. G is given in Eq. A.3.
This leads to an e↵ective 4-fermion interaction relevant
for spin-independent nucleon scattering,
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We have assumed ↵ = � � ⇡/2 which results in SM-like
couplings of h to quarks, �s↵/c� = c↵/s� = 1. For
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the Higgs exchange contribution to direct detection
dominates over the box diagram, leading to a spin-
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There are two pseudoscalar states in the 2HDM+S, one that is mostly A and one that is

mostly SI . One can choose the mostly-singlet-like pseudoscalar

a = cos ✓aSI + sin ✓aA , ✓a ⌧ 1, (17)

to be lighter than the SM-like Higgs. There are two possible exotic Higgs decays: h ! Za

for ma < mh � mZ ⇡ 35 GeV and h ! aa for ma < mh/2 ⇡ 63 GeV.

The partial width �(h ! Za) is entirely fixed by the 2HDM parameters ↵, � and the

mixing angle ✓a. The relevant interaction term in the e↵ective Lagrangian is

Le↵ � ge↵(a@
µ
h � h@

µ
a)Zµ , where ge↵ =

r
g2 + g02

2
sin(↵ � �) sin ✓a, (18)

which gives
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16⇡
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m
3
h
m

2
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.

(19)

Fig. 5 shows that ✓a ⇠ 0.1 gives Br(h ! Za) ⇠ 10% in the absence of other exotic decays.

Two terms in the e↵ective Lagrangian give rise to h ! aa decays:

Le↵ � ghAA hAA + �S|S
2
|
2

. (20)

In terms of mass eigenstates, this contains

Le↵ � ghAA sin2
✓a haa + 4 �S vs sin ⇣1 cos2 ✓a haa , (21)

28
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section for pp ! (H/A) + X is enhanced at large tan�
so the lack of a signal sets an upper limit on tan� as
a function of mA,H . This limit is roughly tan� < 10
at mA,H = 300 GeV, and weakens to tan� < 60 at
mA,H = 900 GeV.

IV. CONSTRAINTS ON THE DARK SECTOR

In this section we investigate the limits on the media-
tor mass and the mixing angle between the mediator and
the pseudoscalar of the 2HDM. Taking the heavy Higgs
search described above into account, we fix the other pa-
rameters to the benchmark values mH = mH± ' mA =
800 GeV, tan� = 40, ↵ = � � ⇡/2, and y� = 0.5 and
comment on changing these later. We first consider the
spin-independent direct detection cross section induced
at one-loop. Current limits from direct detection exper-
iments do not constrain this model, but future searches
can possibly probe interesting regions of parameter space.
We next consider Higgs decays to the pseudoscalar medi-
ator. Searches for h ! bb̄ can be used to put bounds to
h ! aa ! 4b decays for mh > 2ma and future h ! 2b2µ
searches could probe much more of the ma-✓ parameter
space. Indirect limits on the branching for h ! aa from
global Higgs property fits are also quite constraining. We
then consider changes to the Bs ! µ

+
µ
� branching ra-

tio. Since this has been measured to be very close to its
SM value, it is particularly constraining for a light me-
diator. Finally, we consider monojet searches. Our main
results are summarized in Fig. 1.

A. Direct Detection

One of the virtues of this model is that single pseu-
doscalar exchange between � and quarks leads to (highly
suppressed) spin-dependent scattering of the DM on nu-
clei [13, 14]. At one-loop, however, spin-independent in-
teractions are generated through the diagrams shown in
Fig. 2. The top diagram (plus its crossed version) leads
to an e↵ective interaction between � and b quarks at zero
momentum transfer given by
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X
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The function F is given in the Appendix in Eq. A.1.
The bottom diagram of Fig. 2 leads to a DM-Higgs
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FIG. 1. Regions of mixing angle ✓ vs. ma that are ruled
out or suggested by various measurements. We have fixed
mH,H± ' mA = 800 GeV, tan � = 40, ↵ = � � ⇡/2, and
y� = 0.5. The area that gives an annihilation cross section
of h�vreli = 1 � 5 ⇥ 10�26 cm3/s as indicated by fits to the
gamma ray excess is between the solid black lines (shaded
in green). The shaded purple region above the solid pur-
ple line is in 2� conflict with the LHCb measurement of
Bs ! µ+µ�. The darker red region with the solid outline
is ruled out by h ! bb̄ constraints on the h ! 4b signal.
The larger, lighter red region with a solid outline is ruled
out from the indirect limit Br (h ! aa) < 0.22 coming from
fits to Higgs properties, assuming SM Higgs production. The
dashed red line shows the area that could be probed by lim-
iting Br (h ! aa ! 2b2µ) . 10�4. The blue region labeled
LUX is in conflict with the limit �SI < 8 ⇥ 10�46 cm2 while
the area above the blue dashed line leads to �SI > 10�49 cm2,
potentially accessible at the next generation of direct detec-
tion experiments. The orange region shows the area ruled out
by a mono-b-jet search at 8 TeV with 20 fb�1 of data. See
text for details.
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We have assumed ↵ = � � ⇡/2 which results in SM-like
couplings of h to quarks, �s↵/c� = c↵/s� = 1. For
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the Higgs exchange contribution to direct detection
dominates over the box diagram, leading to a spin-
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section for pp ! (H/A) + X is enhanced at large tan�
so the lack of a signal sets an upper limit on tan� as
a function of mA,H . This limit is roughly tan� < 10
at mA,H = 300 GeV, and weakens to tan� < 60 at
mA,H = 900 GeV.

IV. CONSTRAINTS ON THE DARK SECTOR

In this section we investigate the limits on the media-
tor mass and the mixing angle between the mediator and
the pseudoscalar of the 2HDM. Taking the heavy Higgs
search described above into account, we fix the other pa-
rameters to the benchmark values mH = mH± ' mA =
800 GeV, tan� = 40, ↵ = � � ⇡/2, and y� = 0.5 and
comment on changing these later. We first consider the
spin-independent direct detection cross section induced
at one-loop. Current limits from direct detection exper-
iments do not constrain this model, but future searches
can possibly probe interesting regions of parameter space.
We next consider Higgs decays to the pseudoscalar medi-
ator. Searches for h ! bb̄ can be used to put bounds to
h ! aa ! 4b decays for mh > 2ma and future h ! 2b2µ
searches could probe much more of the ma-✓ parameter
space. Indirect limits on the branching for h ! aa from
global Higgs property fits are also quite constraining. We
then consider changes to the Bs ! µ

+
µ
� branching ra-

tio. Since this has been measured to be very close to its
SM value, it is particularly constraining for a light me-
diator. Finally, we consider monojet searches. Our main
results are summarized in Fig. 1.

A. Direct Detection

One of the virtues of this model is that single pseu-
doscalar exchange between � and quarks leads to (highly
suppressed) spin-dependent scattering of the DM on nu-
clei [13, 14]. At one-loop, however, spin-independent in-
teractions are generated through the diagrams shown in
Fig. 2. The top diagram (plus its crossed version) leads
to an e↵ective interaction between � and b quarks at zero
momentum transfer given by

Lbox =
X

q=d,s,b

m
2

q
y
2

�
tan2 � sin2 2✓

128⇡2m2
a

�
m2

�
�m2

q

� (30)

⇥
"
F

 
m

2

�

m2
a

!
� F

 
m

2

q

m2
a

!#
m�mq

v2
�̄�q̄q.

The function F is given in the Appendix in Eq. A.1.
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FIG. 1. Regions of mixing angle ✓ vs. ma that are ruled
out or suggested by various measurements. We have fixed
mH,H± ' mA = 800 GeV, tan � = 40, ↵ = � � ⇡/2, and
y� = 0.5. The area that gives an annihilation cross section
of h�vreli = 1 � 5 ⇥ 10�26 cm3/s as indicated by fits to the
gamma ray excess is between the solid black lines (shaded
in green). The shaded purple region above the solid pur-
ple line is in 2� conflict with the LHCb measurement of
Bs ! µ+µ�. The darker red region with the solid outline
is ruled out by h ! bb̄ constraints on the h ! 4b signal.
The larger, lighter red region with a solid outline is ruled
out from the indirect limit Br (h ! aa) < 0.22 coming from
fits to Higgs properties, assuming SM Higgs production. The
dashed red line shows the area that could be probed by lim-
iting Br (h ! aa ! 2b2µ) . 10�4. The blue region labeled
LUX is in conflict with the limit �SI < 8 ⇥ 10�46 cm2 while
the area above the blue dashed line leads to �SI > 10�49 cm2,
potentially accessible at the next generation of direct detec-
tion experiments. The orange region shows the area ruled out
by a mono-b-jet search at 8 TeV with 20 fb�1 of data. See
text for details.
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section for pp ! (H/A) + X is enhanced at large tan�
so the lack of a signal sets an upper limit on tan� as
a function of mA,H . This limit is roughly tan� < 10
at mA,H = 300 GeV, and weakens to tan� < 60 at
mA,H = 900 GeV.

IV. CONSTRAINTS ON THE DARK SECTOR

In this section we investigate the limits on the media-
tor mass and the mixing angle between the mediator and
the pseudoscalar of the 2HDM. Taking the heavy Higgs
search described above into account, we fix the other pa-
rameters to the benchmark values mH = mH± ' mA =
800 GeV, tan� = 40, ↵ = � � ⇡/2, and y� = 0.5 and
comment on changing these later. We first consider the
spin-independent direct detection cross section induced
at one-loop. Current limits from direct detection exper-
iments do not constrain this model, but future searches
can possibly probe interesting regions of parameter space.
We next consider Higgs decays to the pseudoscalar medi-
ator. Searches for h ! bb̄ can be used to put bounds to
h ! aa ! 4b decays for mh > 2ma and future h ! 2b2µ
searches could probe much more of the ma-✓ parameter
space. Indirect limits on the branching for h ! aa from
global Higgs property fits are also quite constraining. We
then consider changes to the Bs ! µ

+
µ
� branching ra-

tio. Since this has been measured to be very close to its
SM value, it is particularly constraining for a light me-
diator. Finally, we consider monojet searches. Our main
results are summarized in Fig. 1.
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doscalar exchange between � and quarks leads to (highly
suppressed) spin-dependent scattering of the DM on nu-
clei [13, 14]. At one-loop, however, spin-independent in-
teractions are generated through the diagrams shown in
Fig. 2. The top diagram (plus its crossed version) leads
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FIG. 1. Regions of mixing angle ✓ vs. ma that are ruled
out or suggested by various measurements. We have fixed
mH,H± ' mA = 800 GeV, tan � = 40, ↵ = � � ⇡/2, and
y� = 0.5. The area that gives an annihilation cross section
of h�vreli = 1 � 5 ⇥ 10�26 cm3/s as indicated by fits to the
gamma ray excess is between the solid black lines (shaded
in green). The shaded purple region above the solid pur-
ple line is in 2� conflict with the LHCb measurement of
Bs ! µ+µ�. The darker red region with the solid outline
is ruled out by h ! bb̄ constraints on the h ! 4b signal.
The larger, lighter red region with a solid outline is ruled
out from the indirect limit Br (h ! aa) < 0.22 coming from
fits to Higgs properties, assuming SM Higgs production. The
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iting Br (h ! aa ! 2b2µ) . 10�4. The blue region labeled
LUX is in conflict with the limit �SI < 8 ⇥ 10�46 cm2 while
the area above the blue dashed line leads to �SI > 10�49 cm2,
potentially accessible at the next generation of direct detec-
tion experiments. The orange region shows the area ruled out
by a mono-b-jet search at 8 TeV with 20 fb�1 of data. See
text for details.
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We have assumed ↵ = � � ⇡/2 which results in SM-like
couplings of h to quarks, �s↵/c� = c↵/s� = 1. For

tan� . 100
⇣

mA

800 GeV

⌘
, (33)

the Higgs exchange contribution to direct detection
dominates over the box diagram, leading to a spin-

2HDM+S Type II 1404.3716
limits from 

Vh(→bb) CMS 
search

indirect limit from fits to 
H properties assuming 

SM H production

• Assuming SM H production cross section, observed limits are Br(H→aa→bbµµ)<(1-8)*10-4  
➡ The analysis is probing the interesting parameter space!

http://arxiv.org/abs/1404.3716
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Other channels

Theories for Exotic Higgs Decays

1. Higgs decay to scalars
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• For ma>2mb Br(a→bb) dominates 

• Below 2b threshold, 4µ analysis becomes sensitive
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FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

FIG. 8: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type III Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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https://arxiv.org/abs/1312.4992
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• Challenges: 

‣ 4 soft b-jets - what to trigger on? 

‣ High multi-jet & tt+heavy-flavour backgrounds 

‣ Jet merging at low ma => loose the signal acceptance

�R ⇠ 2m

pT

when ma<<mH:
jets from a-decays become collimated

∆R=0.4

a
b

ma~20 GeV, pT~40 GeV => ∆R~0.1

b

H→aa→4b
1806.07355

https://arxiv.org/abs/1806.07355
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H→aa→4b
• Look for W/Z associated production 

‣ Trigger on leptons from W/Z decays 

‣ Suppresses multijet backgrounds 

‣ However, cross-section only ~2 pb 
- ~0.36 pb assuming V→lep
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The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW

(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass m

H
= 125.09 GeV.

The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.
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• Compare to bbµµ: 

‣ ggF cross section ~48 pb => ~100 higher production rate 

‣ Br(a→µµ) smaller than Br(a→bb) => ~103-104 lower decay rate  

‣ clean signature from a→µµ => lower backgrounds
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• Look for W/Z associated production 

‣ Trigger on leptons from W/Z decays 

‣ Suppresses multijet backgrounds 

‣ However, cross-section only ~2 pb 
- ~0.36 pb assuming V→lep
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• A multivariate discriminant (BDT) is built to discriminate the signal from the 
backgrounds 
‣ Takes as input various kinematic variables that behave differently for the signal and 

backgrounds 
‣ Calculates a BDT “score” which quantifies how signal-like or background-like an event is
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H→aa→4b
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Theories for Exotic Higgs Decays

1. Higgs decay to scalars
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H→aa→4µ
• Search for excess in 2D mµµ spectrum 

7.5 Results

The hm``i distribution for the selected events is shown in Figure 6(a). Table 4 shows the resulting yields
and uncertainties for this analysis: no events are observed to pass the selection, for a total background
prediction of 0.4 ± 0.1.

The m34 versus m12 distribution in Figure 6(b) shows that there is no evidence of a signal-like resonance
even outside of the 120 GeV < m4` < 130 GeV window applied in this selection: 16 events are observed
outside of this mass window, compared to a MC-based prediction of 15± 2 events from non-resonant SM
Z Z processes. These 16 events are shown in the validation region in Figure 5.
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that fail the m34/m12 > 0.85 requirement.
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Table 4: Expected event yields of the SM background processes and observed data in the H ! X X ! 4µ
(1 GeV < mX < 15 GeV) selection. The uncertainties include MC-statistical and systematic components (systematic
uncertainties are discussed in Section 7.5).

8 Interpretation and discussion

The results do not show evidence for the signal processes of H ! Z X ! 4` or H ! X X ! 4`. The
results are therefore interpreted in terms of limits on the benchmark models presented in Section 2.
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Theories for Exotic Higgs Decays

1. Higgs decay to scalars
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Figure 9: Upper limit at 95% CL on the branching ratio for the H ! Z Zd process.
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Figure 10: Upper limit at 95% CL on the branching ratios for processes (a) H ! ZdZd and (b) H ! aa, for the two
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L. Morvaj Exotic Higgs decays 48Figure 2: The observed (solid line) and expected (dashed line) 95% CL exclusion upper limit on the
pp ! H ! aa ! ��gg cross-section times branching ratio as a function of ma, normalised to the SM inclus-
ive pp ! H cross-section [31]. The vertical lines indicate the boundaries between the di�erent m�� analysis
regimes. At the boundaries, the m�� regime that yields the best expected limit is used to provide the observed
exclusion limit (filled circles); the observed limit provided by the regime that yields the worse limit is also indicated
(empty circles).
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• Fermiophobic a
‣ E.g scalar coupled to new charged & coloured vector-like states:

• Dominant yy+multijet background estimated using data-driven “ABCD” method based on 
inverting y ID and |Mjj-Myy| criteria

8. h ! 2���2j

A relatively clean exotic decay mode of the Higgs boson is h ! 2�2j [311]. The SM rate

for this signature is negligible: decays into 2�2q are highly Yukawa suppressed while the

2�2g process is loop induced. However, going beyond the SM, more possibilities arise. In

particular, here we consider Higgs boson decays to two scalars ss
(0) which subsequently decay

into photons and gluons or quarks. Below we outline some possible theoretical scenarios

leading to such decays and briefly discuss their collider phenomenology.

8.1. Theoretical Motivation

There are several ways in which a SM singlet scalar decays to photons, gluons or quarks.

For example, it can do so via mixing with the Higgs boson, as in the singlet extensions

discussed in §1.3.1 and §1.3.2. This will generally give a very suppressed rate to photons

compared with that of quarks or gluons, due to the electromagnetic loop factor.

Alternatively, a singlet scalar s may couple to gluons and photons via a dimension-5

operator sF
µ⌫

Fµ⌫ , which arises by introducing new colored and charged vectorlike states

and coupling them to s. Such scenario can easily accommodate larger or even dominant

s ! 2� branching ratios, depending on the color vs. electric charge assignments of the

new states. As a simple example, consider adding new heavy Dirac fermions  i along with

Yukawa couplings of the form �is ̄i i. The fermions reside in a representation Ri under

SU(3)C , have electric charge Qi and mass mi. The scalar s then decays to gluons and

photons via heavy fermion loops. The resulting branching ratios satisfy
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where N(Ri) and C(Ri) are the dimension and normalization factor of the representation

Ri (the normalization factors of the lowest lying color representations R = 3, 6, 8 are C =

1/2, 5/2, 3). For example, one heavy down-type quark b
0 and one heavy charged lepton ⌧ 0 (a

combination which appears in a single ‘5’ multiplet of SU(5), along with a heavy neutrino),
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FIG. 1. Feynman diagrams for the leading production modes
(ggF, VBF, and VH), where the V VH and qqH coupling ver-
tices are marked by • and �, respectively. The V represents
a W or Z vector boson.

detector and data, and the event reconstruction. The se-
lection of events in the di↵erent final states is given in
Sec. IV. Sections V and VI discuss the modeling of the
signal and the background processes, respectively. The
signal yield extraction and the various sources of system-
atic uncertainty are described in Sec. VII. Section VIII
provides the event yields and the distributions of the fi-
nal discriminating variables; the di↵erences with respect
to previous ATLAS measurements in this channel [5] are
given in Sec. VIII C. The results are presented in Sec. IX,
and the conclusions given in Sec. X.

II. ANALYSIS OVERVIEW

The H!WW ⇤ final state with the highest purity at
the LHC occurs when each W boson decays leptonically,
W ! `⌫, where ` is an electron or muon. The analy-
sis therefore selects events consistent with a final state
containing neutrinos and a pair of opposite-charge lep-
tons. The pair can be an electron and a muon, two
electrons, or two muons. The relevant backgrounds to
these final states are shown in Table I and are catego-
rized as WW , top quarks, misidentified leptons, other
dibosons, and Drell-Yan. The distinguishing features of
these backgrounds, discussed in detail below, motivate
the definition of event categories based on lepton flavor
and jet multiplicity, as illustrated in Fig. 2. In the final
step of the analysis, a profile likelihood fit is simultane-
ously performed on all categories in order to extract the
signal from the backgrounds and measure its yield.

The Drell-Yan (DY) process is the dominant source of
events with two identified leptons, and contributes to the
signal final state when there is a mismeasurement of the
net particle momentum in the direction transverse to the

TABLE I. Backgrounds to the H !WW ⇤ measurement in
the final state with two charged leptons (`= e or µ) and
neutrinos, and no jet that contains a b-quark. Irreducible
backgrounds have the same final state; other backgrounds are
shown with the features that lead to this final state. Quarks
from the first or second generation are denoted as q, and j
represents a jet of any flavor.

Name Process Feature(s)

WW WW Irreducible

Top quarks
tt̄ tt̄!WbWb̄ Unidentified b-quarks

t

⇢
tW Unidentified b-quark
tb̄, tqb̄ q or b misidentified as `;

unidentified b-quarks

Misidentified leptons (Misid)
Wj W + jet(s) j misidentified as `
jj Multijet production jj misidentified as ``;

misidentified neutrinos

Other dibosons8
><

>:

W� � misidentified as e

V V
W�⇤, WZ, ZZ! `` `` Unidentified lepton(s)
ZZ! `` ⌫⌫ Irreducible
Z� � misidentified as e;

unidentified lepton

Drell-Yan (DY)
ee/µµ Z/�⇤ ! ee, µµ Misidentified neutrinos
⌧⌧ Z/�⇤ ! ⌧⌧ ! `⌫⌫ `⌫⌫ Irreducible

beam (individual particle momentum in this direction is
denoted pt). The DY background is strongly reduced
in events with di↵erent-flavor leptons (eµ), as these arise
through fully leptonic decays of ⌧ -lepton pairs with a
small branching fraction and reduced lepton momenta.
The analysis thus separates eµ events from those with
same-flavor leptons (ee/µµ) in the event selection and
the likelihood fit.
Pairs of top quarks are also a prolific source of lep-

ton pairs, which are typically accompanied by high-
momentum jets. Events are removed if they have a jet
identified to contain a b-hadron decay (b-jet), but the tt̄
background remains large due to ine�ciencies in the b-jet
identification algorithm. Events are therefore categorized
by the number of jets. The top-quark background pro-
vides a small contribution to the zero-jet category but
represents a significant fraction of the total background
in categories with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and “ggF-
enriched”). The VBF process is characterized by two
quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These
and other event properties are inputs to a boosted deci-
sion tree (BDT) algorithm [16] that yields a single-valued
discriminant to isolate the VBF process. A separate anal-
ysis based on a sequence of individual selection criteria
provides a cross-check of the BDT analysis. The ggF-
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signal yield extraction and the various sources of system-
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The analysis thus separates eµ events from those with
same-flavor leptons (ee/µµ) in the event selection and
the likelihood fit.
Pairs of top quarks are also a prolific source of lep-

ton pairs, which are typically accompanied by high-
momentum jets. Events are removed if they have a jet
identified to contain a b-hadron decay (b-jet), but the tt̄
background remains large due to ine�ciencies in the b-jet
identification algorithm. Events are therefore categorized
by the number of jets. The top-quark background pro-
vides a small contribution to the zero-jet category but
represents a significant fraction of the total background
in categories with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and “ggF-
enriched”). The VBF process is characterized by two
quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These
and other event properties are inputs to a boosted deci-
sion tree (BDT) algorithm [16] that yields a single-valued
discriminant to isolate the VBF process. A separate anal-
ysis based on a sequence of individual selection criteria
provides a cross-check of the BDT analysis. The ggF-

Cannot efficiently 
write to disk by 

trigger on these soft 
objects alone

Trigger with requirement 
on VBF jets to reduce rate

µ µ

Many interesting trigger ideas in addition to VBF trigger

jet

jet
g
g

y
y

1803.11145

(a) (b)

(c) (d)

Figure 1: Distributions of kinematic observables before the requirements on m
VBF
j j

, leading VBF jet pT, m�� j j and
|mj j �m�� | for: (a) m

VBF
j j

; (b) leading VBF jet pT; (c) m�� j j (with the additional requirement |mj j �m�� | < 12 GeV
that defines the signal-enriched region); and (d) |mj j � m�� |. The quantities are shown separately for simulated
signal events (with ma = 30 GeV) produced in the VBF mode and compared with those produced in the ggF mode
and the observed data.

⌘-dependent calibration scheme, and are required to have a transverse momentum (pT) greater than 20 GeV
and |⌘ | < 2.5 or pT > 30 GeV and |⌘ | < 4.4. A track- and topology-based veto [29, 30] is used to suppress
jets originating from pile-up interactions. Jets must have an angular separation of �R > 0.4 from any
Loose photon candidate in the event.

Events are required to have at least two photon candidates. The transverse energy requirements depend
on the trigger path through which the event was recorded. For events passing the trigger with higher
transverse energy thresholds, the leading photon is required to have ET > 40 GeV, and the sub-leading
photon is required to have ET > 30 GeV. For events passing the trigger with lower thresholds, both the
leading and sub-leading photons are required to have ET > 27 GeV. For events passing both triggers, the
latter selection is applied. The invariant mass of the two leading photon candidates is denoted by m��.

In the VBF production mode, the Higgs boson is produced in association with two additional light-quark
jets with a large opening angle and a large invariant mass. Selected events are therefore required to have
at least four jets and the pair of jets with the highest invariant mass (mVBF

j j
) are referred to as VBF jets. In

4

https://arxiv.org/abs/1803.11145
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Future improvements
• Increase the acceptance for soft objects
‣Muons down to 3 GeV
‣PFlow (track) jets down to 15 (7) GeV

• Merged jets for lower masses: a→bb tagger
• Other final states
‣ CMS 2b2tau: 1805.10191
‣ CMS 4tau: 1510.06534
‣ Za: ATLAS ZZd 1802.03388
‣ Long-lived scalars
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The b quark pT is quite soft for the leading parton (90% > 20 GeV) and even worse for the
sub-leading parton (25-50% > 20 GeV)
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Summary

• Shown analyses in several channels (with newest results): 2b2µ, 4b, 4µ, 2j2y 

‣ Beginning to probe the interesting parameter space 

• Many new channels and results planned for the end of Run II 

• Stay tuned!

• Searches for new particles in H-boson decays are very interesting 

‣ Still relatively unconstrained  

‣ It could be the only way that new physics couples to the SM, i.e. only way to 
discover it
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Systematic uncertainties
ATLAS DRAFT

Table 1: Summary of the post-fit dominant systematic uncertainties. The uncertainties are expressed as a percentage
on the total background (middle column) and signal (right most column) yields per mµµ bin of the signal region.
Shown are all the uncertainties that have the e�ect of at least 2% in at least one mµµ bin.

Source Total background [%] Signal [%]
DY: normalisation 9.3 - 15 –
DY: flavour composition 7 - 11 –
DY: background subtraction 0.4 - 2.4 –
tt̄: hard-scatter generation 3.6 - 8.6 –
tt̄: hadronisation/fragmentation 3.2 - 7.7 –
tt̄: normalisation 2 - 5 –
tt̄: ISR/FSR 1 - 2.4 –
MC statistics 2.4 - 4.9 2.3 - 4.6
b-tagging 0.6 - 1.5 17 - 19
Jet-energy resolution 0.3 - 2.9 5.2 - 8.4
Jet-energy scale 0.3 - 2.9 3.9 - 6.5
Muon-pT resolution 0.1 - 2.2 0.3 - 1.2
Signal: QCD scale – 6
Signal: ISR/FSR – 4
Signal: ggF cross section

- missing higer order QCD – 3.6 - 3.8
- PDF & ↵S – 2.8 - 3.0

Signal: V H contribution – 3.5
Signal: pT(H) reweighting – 2.3 - 2.5

6 Results257

The final signal and background yields in each of the mµµ bins of the SR are determined by a series of258

profile likelihood fits to the data over the TCR, DYCR and each SR mass-bin. Both TCR and DYCR are259

considered as one bin each. The numbers of the observed and predicted events in each of the bins included260

in the likelihood are described by Poisson probability density functions. The free fit parameters are the261

signal strength and the overall normalisation factors for the tt̄ and Drell-Yan backgrounds. The systematic262

uncertainties are implemented as nuisance parameters constrained by Gaussian distributions with widths263

corresponding to the sizes of the uncertainties.264

The background-only version of the fit is first performed to validate the agreement of the post-fit background265

yields with the data in VRs. In this version of the fit, only the data in TCR and DYCR are used to constrain266

the tt̄ and DY backgrounds and determine their normalisation factors. Signal yields are not included in267

the fit and any signal contribution to the control regions is neglected. The derived tt̄ (DY) normalisation268

factors are then applied to the number of tt̄ (DY) events as predicted by the simulation (template) in any of269

the VR or SR bins. The post-fit distributions are shown in Fig. 3 and Fig. 4. Both the normalisation and270

the shapes of the predicted background distributions describe the data well in all of the analysis control271

and validation regions, as well as in the SR. The post-fit yields in five mµµ bins of the SR, for which the272

signal sample was simulated, are shown in Table 2.273

11th May 2018 – 16:53 11
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Model-independent limits

limits are set in the 20  ma  60 GeV range for which the signal samples were simulated and range
between 2 ⇥ 10�4 and 10�3 (see Figure 6(a)).

A model-independent fit that does not include any prediction for the signal yields in SRs and CRs is
also performed. The upper limit on the number of BSM events for each mass bin of the SR is translated
to a 95% CL upper bound on the visible cross-section for new physics times branching ratio into bbµµ
final state (including the KL fit constraint on mbb ⇠ mµµ and the four-object invariant mass constraint
mKL

bbµµ ⇠ mH ), �vis(X) ⇥ B(X ! bbµµ). The visible cross-section is defined as the product of the
production cross-section and acceptance ⇥ e�ciency (�vis(X) = �prod(X) ⇥ ✏X) of a potential signal after
all the analysis selection criteria have been applied. The limits range from 0.1 fb to 0.73 fb, depending
on the dimuon mass, and are shown in Figure 6(b). The most significant excess of data over the SM
prediction is found at mµµ = 38 GeV, with a local significance of 1.6 standard deviations.
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Figure 6: The (a) observed and expected upper limits at the 95% confidence level on B(H ! aa ! bbµµ) given the
SM Higgs boson production cross-section in the ggF, VBF and VH modes and (b) model-independent upper limits
on the visible cross-section for new physics times branching ratio to the bbµµ final state �vis(X) ⇥ B(X ! bbµµ).

7 Conclusions

In summary, a search for exotic decays of the Higgs boson into two spin-zero particles in the bbµµ
final state is presented. The analysis uses 36.1 fb�1 of pp collision data collected by ATLAS during
the 2015 and 2016 runs of the LHC at

p
s = 13 TeV. The search for a narrow dimuon resonance is

performed over the range 18 GeV  mµµ  62 GeV using mass bins that are 2, 3 or 4 GeV wide depending
on mµµ. No significant excess of the data above the SM prediction is observed. Upper limits are set on
(�H/�SM)⇥B(H ! aa ! bbµµ) and range between 1.2⇥10�4 and 8.4⇥10�4, depending on ma. In Type-
III 2HDM+S scenario with tan � = 2 these limits translate into upper limits on (�H/�SM) ⇥ B(H ! aa)
ranging between 7% and 47%. The same analysis, implementing all the selection cirteria including
mbb ⇠ mµµ and mKL

bbµµ ⇠ mH constraints, is used to set the model-independent limits on the visible
cross-section for new physics times branching ratio to the bbµµ final state (�vis(X) ⇥ B(X ! bbµµ)),
ranging from 0.1 fb to 0.73 fb, depending on the dimuon mass.
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limits are set in the 20  ma  60 GeV range for which the signal samples were simulated and range
between 2 ⇥ 10�4 and 10�3 (see Figure 6(a)).

A model-independent fit that does not include any prediction for the signal yields in SRs and CRs is also
performed. The upper limit on the number of BSM events for each mass bin of the SR is translated to a
95% CL upper bound on the visible cross-section for new physics times branching ratio into bbµµ final
state (including the KL fit constraint on mbb ⇠ mµµ), �vis(X)⇥B(X ! bbµµ). The visible cross-section is
defined as the product of the production cross-section and acceptance⇥ e�ciency (�vis(X) = �prod(X)⇥✏X)
of a potential signal after all the analysis selection criteria have been applied. The limits range from 0.1 fb
to 0.73 fb, depending on the dimuon mass, and are shown in Figure 6(b). The most significant excess
of data over the SM prediction is found at mµµ = 38 GeV, with a local significance of 1.6 standard
deviations.
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Figure 6: The (a) observed and expected upper limits at the 95% confidence level on B(H ! aa ! bbµµ) given the
SM Higgs boson production cross-section in the ggF, VBF and VH modes and (b) model-independent upper limits
on the visible cross-section for new physics times branching ratio to the bbµµ final state �vis(X) ⇥ B(X ! bbµµ).

7 Conclusions

In summary, a search for exotic decays of the Higgs boson into two spin-zero particles in the bbµµ
final state is presented. The analysis uses 36.1 fb�1 of pp collision data collected by ATLAS during
the 2015 and 2016 runs of the LHC at

p
s = 13 TeV. The search for a narrow dimuon resonance is

performed over the range 18 GeV  mµµ  62 GeV using mass bins that are 2, 3 or 4 GeV wide depending
on mµµ. No significant excess of the data above the SM prediction is observed. Upper limits are set on
(�H/�SM)⇥B(H ! aa ! bbµµ) and range between 1.2⇥10�4 and 8.4⇥10�4, depending on ma. In Type-
III 2HDM+S scenario with tan � = 2 these limits translate into upper limits on (�H/�SM) ⇥ B(H ! aa)
ranging between 7% and 47%. Model-independent limits are set on the visible cross-section for new
physics times branching ratio to the bbµµ final state (�vis(X) ⇥ B(X ! bbµµ)), and range from 0.1 fb to
0.73 fb, depending on the dimuon mass.
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FIG. 5: Expected 95% CL reach on Br(h ! aa ! bb̄µ
+
µ
�) for 30 (top), 300 (center), and 3000 (bottom) fb�1 at 14 TeV, for

ATLAS (left) and CMS (right). The solid line is the sensitivity of the “conventional” analysis (§III A) with a jet-clustering
radius of either R = 0.4 (ATLAS) or 0.5 (CMS). The sensitivities when using a smaller jet radius of R = 0.2 (§III B) is shown
with dashed lines. The purple dot-dashed line is the sensitivity from a jet substructure analysis that makes use of the mass
drop tagger (MDT) (§III C).

from a decays should be symmetric, we propose a jet
substructure procedure based on the mass drop tagger
(MDT) [87].

The substructure analysis proceeds as follows. Trig-
gered events satisfying the OS muons selection criterion
are clustered into Rf = 0.8 fat jets with the Cam-
bridge/Aachen (C/A) algorithm [88, 89]. The (lead-
ing) fat jet is required to have one b-tag, and satisfy
pT > 25 GeV, |⌘| < 2.5. We use the same b-tag e�cien-

cies as in §IIIA. We note that requiring two b-tags within
the fat-jet will remove too much signal, as the b-tagged
subjets need to presumably have a pT of at least 25 GeV
to qualify as a proper subjet. If this threshold could be
lowered, it would significantly improve sensitivity.

We then analyze the substructure of the leading fat jet
passing these criteria. The two hardest subjets, identified
by undoing the last step of the C/A clustering, have to

7.4 Interpretation of h ! aa searches in 2HDM+S 17
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Figure 5: Observed and expected upper limits at 95% CL on the h boson production normalized
to the SM prediction times B(h ! aa ! 2µ2b).

1.80 ± 0.74 events. The uncertainty bands at low mass for most final states are narrow because
of the low expected background yield.

7.4 Interpretation of h ! aa searches in 2HDM+S

Searches for non standard decays of the SM-like Higgs boson to a pair of light pseudoscalar
bosons are interpreted in the context of 2HDM+S. In addition to the analyses presented in
this paper, the results of two other searches are interpreted in this context: the h ! aa !

4µ search covers pseudoscalar boson masses between 0.25 and 3.55 GeV [47], whereas an-
other h ! aa ! 4t search covers pseudoscalar masses between 4 and 8 GeV with differ-
ent boosted t lepton reconstruction techniques [48]. In 2HDM+S, the branching fractions of
the light pseudoscalar a to SM particles depend on the model type and on tan b. In type-1
2HDM+S, the fermionic couplings all have the same scaling with respect to the SM, whereas
in type-2 2HDM+S (NMSSM-like), they are suppressed for down-type fermions for tan b < 1
(and enhanced for tan b > 1). In type-3 2HDM+S (lepton specific), the decays to leptons are
enhanced with respect to the decays to quarks for tan b > 1, and in type-4 2HDM+S (flipped),
the decays to up-type quarks and leptons are enhanced for tan b < 1. Because B(a ! t+t�)
is directly proportional to B(a ! µ+µ�) in any type of 2HDM+S as per Eq. (1), and so is
B(a ! bb) in type-1 and -2, the results of all analyses can be expressed as exclusion limits on
(sh/sSM)B(h ! aa)B2(a ! µ+µ�), as illustrated in Fig. 7. The exact value of B(a ! µ+µ�)
depends on the type of 2HDM+S, on tan b and on the pseudoscalar boson mass. No signifi-
cant excess of events is observed for any of the five analyses. Under type-1 and -2 2HDM+S
hypothesis, the h ! aa ! 2µ2b search is about one order of magnitude more sensitive than
the h ! aa ! 2µ2t search, but does not cover the pseudoscalar mass range between 15 and
25 GeV. Both h ! aa ! 4t searches have a comparable sensitivity, in slightly different mass
ranges. In 2HDM+S, the values of the branching fractions of the pseudoscalar boson to SM
particles can be computed precisely, except for pseudoscalar boson masses between approxi-
mately 3 and 5 GeV, and 9 and 11 GeV, because of decays to quarkonia, and for pseudoscalar
boson masses less than 1 GeV because of large QCD uncertainties in the hadronic final states [8].
We compute these branching fractions following the prescriptions in Refs. [8, 46], in order to
compare the results of all five analyses in terms of limits on (sh/sSM)B(h ! aa), as shown
in Fig. 8 for different types of 2HDM+S and different tan b scenarios, namely type-1 2HDM+S,

jet pT>15 GeV, dR=0.5

jet pT>20 GeV, dR=0.4

4

FIG. 1: Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan� = 4 (left) and a type-III model with
tan� = 2 (right). For the type-II model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 4.0 ⇥ 10�4 for 15 GeV < ma < mh/2, which
is very similar to the SM+S scenario, see Table I. For the type-III model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 1.6 ⇥ 10�3 for
15 GeV < ma < mh/2, which is enhanced by about a factor of 4 compared to the SM+S in Table I.
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mass ma(s) = 40 GeV.

a function of tan� for a CP-odd scalar a, while in the
right plot we consider a CP-even scalar s for two choices
of ↵0 (the scalar mass is set to 40 GeV). In both cases,
the maximum value of Br(h ! 2a(s) ! 2b2µ)/Br(h !

2a(s)) of the type-III 2HDM+S (' 0.0016) is about four
times greater than that for type-I or II (' 0.0004).

The maximum value of Br(h ! 2a ! 2b2µ)/Br(h !

2a) in the type-III 2HDM+S model can be understood
simply as follows. From Table II, the coupling of abb̄

(a⌧+⌧� and aµ
+
µ
�) scales as 1/ tan� (tan�). Thus,

keeping only the most important terms and ignoring
phase space and QCD corrections,

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
⇠

6m2

b
m

2

µ

m4
⌧
tan4� + 9m4

b
cot4� + 6m2

b
m2

⌧

.

(4)
This is maximized for tan� ⇠ (

p
3mb/m⌧ )1/2 ⇠ 2, with

the maximum value given by

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
'

"µ⌧

2
, (5)

where

"µ⌧ ⌘
Br(a ! 2µ)

Br(a ! 2⌧)
⇡

m
2

µ

m2
⌧

⇡ 0.0035. (6)

(The derivation for the CP-even scalar is identical, up to
the replacement tan� ! � sin↵/ cos�.) Interestingly,
as we discuss in §IV, the sensitivity of a 2b2µ search to
Br(h ! 2a) in these somewhat leptophilic scenarios is
competitive with purely leptonic searches like h ! 2⌧2µ,
while providing a potentially cleaner final state for ex-
perimental reconstruction.

C. NMSSM

An important example of a model with a non-minimal
scalar sector is the NMSSM (see, e.g., [36] for review).
An additional Higgs singlet superfield Ŝ is introduced to
address the µ problem of the MSSM. The Higgs super-

https://arxiv.org/pdf/1412.4779.pdf
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e�ciencies are measured using tag-and-probe techniques on Z ! `+`�, J/ ! `+`� and ⌥ ! µ+µ�

data and simulated events. The small di�erences found are corrected for in the simulation. The combined
e�ect of all these uncertainties results in an overall normalisation uncertainty in the signal and background
ranging up to 10%. The dominant uncertainties arise in the reconstruction and identification of leptons.

MC background modelling: Uncertainties in the factorisation and renormalisation scales, the parton
shower, the choice of PDF, and the hadronisation and underlying-event model a�ect those backgrounds
normalised with their theory cross-sections. Uncertainties in the modelling of H ! Z Z

⇤ ! 4` are found
to be between 3% and 9% depending on the Higgs boson production mode, while for Standard Model
qq̄/gg ! Z Z

⇤ processes uncertainties from these sources add in quadrature to 5%.

Signal modelling: Several sources of systematic uncertainty a�ect the theoretical modelling of the signal
acceptance. Uncertainties originating from the choice of PDFs, the factorisation and renormalisation
scales, and the modelling of parton shower, hadronisation, and underlying-event account for a total e�ect
of 9% [92, 93].

Data-driven estimation of the background: Uncertainties coming from the data-driven estimation of
the background are also considered. They depend on the channel and a�ect the normalisation of the
reducible background [79].

5.5 Results

The distribution of the invariant mass of the subleading dilepton pair m34 in the selected events in all four
final states is shown in Figure 2. The numbers of events observed in each channel after the event selection,
as well as the expected background, are presented in Table 2. A total of 102 events are observed for an
expected background of 86.8 ± 7.5.
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right), type III with t� = 5 (bottom left) and type IV with t� = 0.5 (bottom right). The red and green bounds
correspond to the ATLAS search for pp ! h ! ZdZ ! 4` [23] and pp ! h ! ZdZ ! 2µ2` [24],
respectively. The dashed black lines indicate µh BR(h ! aZ) = 1 and all coloured regions are excluded
at 95% CL.

Since the asymmetry between electron and muon final states from h ! aZ decays is a striking
signature of a light pseudoscalar, we strongly encourage our experimental colleagues to provide as
in [24] separate bounds for the 2e2` and 2µ2` final states in future searches for signatures of the
type h! ZdZ ! 4`.

Constraints on the parameter space of the four di↵erent types of 2HDM+S scenarios can finally
be derived from the LHC searches for pp ! a ! µ+µ� [25, 26], pp ! abb̄ ! ⌧+⌧�bb̄ [27] or
pp! abb̄! µ+µ�bb̄ [28], pp! a! �� [29], pp! a! ⌧+⌧� [31], from the studies of ⌥! a�
decays performed at BaBar [32–34] and from the LHCb measurements of ⌥ production [15, 35]
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1802.02156

H ! ZX ! 4`
(15 GeV < mX < 55 GeV)

H ! XX ! 4`
(15 GeV < mX < 60 GeV)

H ! XX ! 4µ
(1 GeV < mX < 15 GeV)

Electrons Dressed with prompt photons within �R = 0.1
pT > 7 GeV
|⌘ | < 2.5

Muons Dressed with prompt photons within �R = 0.1
pT > 5 GeV
|⌘ | < 2.7

Quadruplet Three leading-pT leptons satisfy pT > 20 GeV, 15 GeV, 10 GeV
�R > 0.1 (0.2) between SF (OF) leptons -

50 GeV < m12 < 106 GeV m34/m12 > 0.85
12 GeV < m34 < 115 GeV 10 GeV < m12,34 < 64 GeV 0.88 GeV < m12,34 < 20 GeV

115 GeV < m4` < 130 GeV
m12,34,14,32 > 5 GeV

5 GeV < m14,32 < 75 GeV if 4e

or 4µ
Reject event if either of:

(mJ/ � 0.25 GeV) < m12,34,14,32 < (m (2S) + 0.30 GeV)
(m⌥(1S) � 0.70 GeV) < m12,34,14,32 < (m⌥(3S) + 0.75 GeV)

Table 5: Summary of the fiducial phase-space definitions used in this analysis, appropriate for processes of the form
H ! Z Zd ! 4` aand H ! X X ! 4`, where X is a promptly decaying, on-shell, narrow resonance.
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Figure 7: (a) Per-channel e�ciencies ✏c calculated in the fiducial volume described in the H ! Z X ! 4` column
of Table 5. The dark band is the statistical uncertainty and the lighter band is the systematic uncertainty. These
e�ciencies were computed using the H ! Z Zd ! 4` model. (b) Upper limits at the 95% CL on fiducial cross-
sections for the H ! Z X ! 4` process. The limits from the H ! Za ! 4` search are valid only for the 2`2µ
channel as the H ! Za model assumes B(a ! µµ) = 100%.
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Other ATLAS analyses

calculated using frequentist hypothesis tests based on the
profile-log-likelihood ratio test statistic and approximated
with the asymptotic formulas [70]. The p-values are
evaluated in 50 MeV intervals below 15 GeV, then
100 MeV intervals up to 30 GeV, and 200 MeV intervals
up to mμμ ¼ 50 GeV. The minimum local p-value is found
for mμμ ¼ 47.4 GeV to be 0.0074, corresponding to a local
significance of 2.44σ. Correcting for the look-elsewhere
effect [71] gives a global p-value of 0.31, indicating that at
least one excess of this magnitude, or larger, is expected
from background fluctuations in at least 31% of
experiments.

IX. RESULTS

A simultaneous fit of the full background model is
performed on the mμμ spectra in the two signal regions
(SRμ and SRe), with mμμ in the range from 2.8 to 70 GeV.
The observed mμμ distribution and the background-only fit
are shown in Fig. 4; the data are well described by the fit. In
the fit, all region-independent parameters are constrained
by the results of the fit to the control regions, reported in

Table III. The strong correlations between some of the
region-independent parameters, which are reported in
Sec. VI, are not explicitly accounted for in the fit to the
two signal regions. This simplification is found to have a
negligible effect on the results of the fit. The fitted values
and uncertainties of the remaining parameters, as well as
the corresponding values from the fits to the control and
validation regions, are shown in Table IV. No significant
correlations are found between the parameters listed in
Table IV. The consistency with the background-only model
is evaluated by scanning the local p-value as a function of
mμμ from 3.7 to 50 GeV, using the same calculation, ma

TABLE IV. Measured values and uncertainties of region-
dependent parameters. The mμμ distribution is fit between 2.8
and 70 GeV for all regions, except for CRb, which has a lower
bound at 15 GeV. There is no contribution to the total background
from the ψ or ϒ resonances.

Parameter fΥ½ϒ
ψþϒ$(%) fRes½ψþϒ

Total$(%) ftt̄½tt̄
Total$(%)

CRj 32.6% 0.3 14.7% 0.1 6.1% 0.9
CRb N/A N/A 87.2% 5.1
VRμ 35.8% 6.0 18.8% 2.3 28.2% 3.2
VRe 36.3% 9.2 12.2% 2.3 34.2% 3.6
SRμ 25.8% 4.9 15.2% 1.6 20.4% 4.1
SRe 24.5% 6.6 11.8% 1.6 23.5% 5.0
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FIG. 5 (color online). Observed p-value as a function of mμμ,
with downward fluctuations of the data represented by a p-value
of 0.5. The p-values are evaluated in 50 MeV intervals below
15 GeV, then 100 MeV intervals up to 30 GeV, and 200 MeV
intervals up to mμμ ¼ 50 GeV. The p-values shown have not
been corrected for the look-elsewhere effect.
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FIG. 6 (color online). Observed (solid red) and expected
(dashed black) limits with the expected %1σ and %2σ bands
shown in green and yellow respectively. The top figure shows the
expected and observed limits on the rate ðσðgg → hÞ × BRðh →
aaÞÞ relative to the SM Higgs boson gluon-gluon fusion
production cross section (σSM) as a function of ma with mH
set to 125 GeV. The limits are evaluated in 50 MeV intervals
below 15 GeV, then 100 MeV intervals up to 30 GeV, and
200 MeV intervals up to ma ¼ 50 GeV. Shown in the bottom
figure is the total rate ðσðgg → HÞ × BRðH → aaÞÞ as a function
of mH with ma set to 5 GeV, evaluated at 50 GeV intervals from
mH ¼ 100 GeV to 500 GeV and at mH ¼ mh ¼ 125 GeV. The
width of the black band in the bottom figure indicates the
theoretical uncertainty on the SM gg → H cross section [56].
In both figures, the observed and expected limits have been scaled
by anOð1Þ parameter, BRða → ττÞ2, to account for the branching
ratios assumed in this analysis, and facilitate reinterpretation of
the results.
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VIII. VALIDATION OF METHODS

To test the methods of the analysis, two validation
regions, VRμ and VRe (as defined in Sec. IV B), are used
in place of SRμ and SRe. The validation regions are
designed to have properties similar to the signal regions
and to also test the robustness of the method against
variations in the background composition, since no a priori
assumptions are made about the relative contributions from
tt̄, Drell Yan, J=ψ or ϒ. Furthermore, the validation checks
for non-negligible backgrounds with dimuon invariant
mass distributions that are unaccounted for in the back-
ground model. The results of the simultaneous fit of the full

background model (including all relevant systematic uncer-
tainties) to the validation regions are shown in Fig. 3. In the
fit, all region-independent parameters are constrained by
the results of the fit to the control regions (reported in
Table III). The strong correlations between some of the
region-independent parameters, which are reported in
Sec. VI, are not explicitly accounted for in the fit to the
two validation regions. This simplification is found to have
a negligible effect on the results of the fit. The consistency
with the background-only model is evaluated by scanning
the local p-value as a function of mμμ from 3.7 to 50 GeV,
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FIG. 3 (color online). Observed mμμ distribution in VRμ (top)
and VRe (bottom) and the background-only fit. The Z=γ!

component of the fit is the combination of the Z boson resonance
and the γ! continuum models. The % residuals are shown below
each plot. Bins below 4 GeV are 200 MeV wide, between 4 and
15 GeV they are 500 MeV wide, and above 15 GeV they are
2 GeV wide. Simulated SM backgrounds are shown in the stack,
with the Z=γ! sample only valid above mμμ > 10 GeV.
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Figure 9: Upper limit at 95% CL on the branching ratio for the H ! Z Zd process.
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7 H ! XX ! 4µ (1 GeV < mX < 15 GeV) analysis

7.1 Monte Carlo simulation

The generation of the signal processes H ! ZdZd ! 4` and H ! aa ! 4µ follows the prescription
described in Section 6.1. Four samples were generated with Zd masses of 1 GeV, 2 GeV, 5 GeV and
10 GeV, while the mass of the a-boson was varied for 10 di�erent signal hypotheses in the range
0.5 GeV  ma  15 GeV.

The background processes considered in this analysis are described in the following:

H ! ZZ
⇤ ! 4`: The modelling of this process is the same as for the H ! Z Zd ! 4` analysis,

described in Section 5.1.

ZZ
⇤ ! 4`: This process was simulated with S����� 2.1.1 due to an implicit particle-level

requirement on the mass of the Z
⇤ in the P�����-B�� MC sample used for the high-mass selection

described in Section 6.1. The gg-initiated production mechanism was modelled in the same way
as for the H ! Z Zd ! 4` analysis, see Section 5.1. Both production mechanisms are estimated
using the CT10 PDFs.

VVV/VBS: The modelling of this process is described in Section 6.1.

7.2 Event selection

In this search, only events with at least four muons are considered. Similarly to the searches described
above, the selected muons are combined into 4µ quadruplets in all possible permutations of pairs of
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CMS analyses
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Figure 4: Upper limits at 95% CL on (sh/sSM)B(h ! aa ! 2µ2t), in the µµ + eµ (upper left),
µµ + eth (upper right), µµ + µth (middle left), µµ + thth (middle right) final states, and for the
combination of these final states (lower). The h ! aa ! 4t process is considered as a part of
the signal, and is scaled with respect to the h ! aa ! 2µ2t signal using Eq. (1).
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lated to the boost of the pseudoscalar bosons, and of the typically softer lepton and b jet pT
spectra. The high ma signals lie in a region where more backgrounds contribute, leading also to
lower sensitivity than in the intermediate mass region. The categories are complementary over
the probed mass range, with the low-mvis

btt signal regions more sensitive for heavy resonances,
and the high-mvis

btt signal regions for light resonances.
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Figure 7: Expected and observed 95% CL limits on (s(h)/sSM)B(h ! aa ! 2t2b) in %. The
eµ results are shown in the top left panel, eth in the top right, µth in the bottom left, and the
combination in the bottom right. The inner (green) band and the outer (yellow) band indicate
the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis.

The combined limit at intermediate mass is as low as 3% on B(h ! aa ! 2t2b), assuming
the SM production cross section and mechanisms for the Higgs boson, and is up to 12% for the
lowest mass point ma = 15 GeV. Computing the branching fractions of the light pseudoscalar
to SM particles [15, 78], this translates to limits on (s(h)/sSM)B(h ! aa) of about 20% in
2HDM+S type II—including the NMSSM—with tan b > 1 for ma = 40 GeV. This improves by
more than one order of magnitude previous limits on B(h ! aa) obtained in the 2µ2t final

1

1 Introduction
In 2012 the ATLAS and CMS Collaborations discovered a particle with a mass of 125 GeV [1–3]
compatible with the Higgs boson predicted in the standard model (SM) of particle physics [4–
9]. Although all the measurements of the couplings and properties of this particle indicate
compatibility with the SM within the experimental uncertainties, the existence of exotic decays
of the Higgs boson is still allowed. The combination of data collected at center-of-mass ener-
gies of 7 and 8 TeV by ATLAS and CMS constrains branching fractions of the Higgs boson to
particles beyond the SM to less than 34% at 95% confidence level (CL) [10].

Many well-motivated exotic decays of the Higgs boson are proposed in theories beyond the
SM [11]. A possible scenario consists of exotic Higgs boson decays to pairs of light pseu-
doscalars, which subsequently decay to pairs of SM particles. Such a process would be al-
lowed in two-Higgs-doublet models (2HDM) extended with a scalar singlet (2HDM+S) [11]. In
2HDM+S, 5 scalar and 2 pseudoscalar particles are predicted: one of the scalars, h, can be com-
patible with the discovered Higgs boson, while one of the pseudoscalars, a, can be light enough
so that h ! aa decays are allowed. The next-to-minimal supersymmetric SM (NMSSM) is a
particular case of 2HDM+S [12, 13].

The ATLAS and CMS Collaborations have set limits on exotic decays of the Higgs boson to a
pair of light pseudoscalar bosons, in different final states and in various ranges of the pseu-
doscalar mass, ma [14–20]. In particular, CMS published a null result in the search in the
2µ2t final state for 15.0 < ma < 62.5 GeV using data collected at a center-of-mass energy of
8 TeV [14], and ATLAS reported a null result in the same final state at the same energy for
3.7 < ma < 50.0 GeV using special reconstruction techniques for Lorentz-boosted t lepton
pairs [20].

This paper presents a search for an exotic decay of the Higgs boson to a pair of light pseu-
doscalar bosons in the final state of two muons and two t leptons. The analysis is based on
data collected in 2016 by the CMS experiment in proton-proton (pp) collisions at a center-of-
mass energy of 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. Masses of the
pseudoscalar boson between 15.0 and 62.5 GeV are probed. Below 15 GeV, the pseudoscalar
bosons are Lorentz-boosted, causing their decay products to be collimated and to fail the isola-
tion selection criteria used in this analysis. The analysis scans the reconstructed dimuon mass
spectrum for a characteristic resonance structure. Four different final states are studied to cover
the different possible t lepton decay modes: µµ+ eµ, µµ+ eth, µµ+ µth, and µµ+ thth, where
th denotes a t lepton decaying hadronically. The µµ + ee and µµ + µµ final states are not con-
sidered because of their smaller branching fractions and the large background contribution
from Z boson pair production. The event selection and signal extraction used in this analysis
have been optimized for the h ! aa ! 2µ2t decay channel, where h has a mass of 125 GeV.
Events from the h ! aa ! 4t process can also enter the signal region when at least two of
the t leptons decay leptonically to muons and neutrinos. These events are treated as a part
of the signal even if they do not exhibit a narrow dimuon mass peak. Assuming 2HDM-like
scenarios, the ratio of the branching fractions of a ! 2µ and a ! 2t is proportional to the ratio
of the squared masses of the muon and the t lepton:

B(a ! 2µ)
B(a ! 2t)

=
m

2
µ

q
1 � (2mµ/ma)2

m2
t

p
1 � (2mt/ma)2

'
m

2
µ

m2
t

. (1)

Events are selected only if the invariant mass of the four objects in the final state is below
100–130 GeV (depending on the final state) to enforce the compatibility with a Higgs boson de-
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Figure 3: Dimuon mass distributions in the µµ + eµ (upper left), µµ + eth (upper right),
µµ + µth (lower left), and µµ + thth (lower right) final states. The total background estimate
and its uncertainty are given by the black lines. The histograms for the two background com-
ponents are shown for illustrative purposes only as the background models are extracted from
unbinned fits. The signal model is drawn in blue above the background model: it includes both
h ! aa ! 2µ2t and h ! aa ! 4t, and is normalized using B(h ! aa ! 2µ2t) = 0.01%,
assuming the relation in Eq. (1) to determine the relative proportion of these processes. The
production cross section of the Higgs boson predicted in the SM is assumed.

Table 1: Yields of the signal and background processes in the four final states, as well as the
number of observed events in each final state, in the dimuon mass range between 14 and
64 GeV. The signal yields are given for B(h ! aa ! 2µ2t) = 0.01%. The h ! aa ! 4t
signal is scaled assuming the couplings of the pseudoscalar boson proportional to the squared
lepton mass, as in Eq. (1). The production cross section of the Higgs boson predicted in the SM
is assumed. The uncertainties combine the statistical and systematic sources.

µµ + eµ µµ + eth µµ + µth µµ + thth
ZZ ! 4` 1.5 ± 0.2 0.5 ± 0.1 1.2 ± 0.2 0.03 ± 0.01
Misidentified t 13.2 ± 5.5 9.7 ± 2.5 4.0 ± 1.2 1.2 ± 0.5

h ! aa ! 2µ2t, ma = 20 GeV 0.39 0.25 0.47 0.10
h ! aa ! 4t, ma = 20 GeV 0.37 0.04 0.24 0.01
h ! aa ! 2µ2t, ma = 40 GeV 0.57 0.28 0.68 0.14
h ! aa ! 4t, ma = 40 GeV 0.68 0.09 0.48 0.02
h ! aa ! 2µ2t, ma = 60 GeV 0.94 0.85 1.18 0.52
h ! aa ! 4t, ma = 60 GeV 1.27 0.20 0.93 0.05

Observed 17 10 6 1

4

sum Âneutral pT represents a similar quantity for neutral particles. The last term corresponds to
the pT of neutral particles from pileup vertices, which, as estimated from simulation, is equal
to approximately half of that of charged hadrons associated with pileup vertices, denoted by
Âcharged, PU pT. The pT of the lepton is denoted p

`
T. The azimuthal angle, f, is measured in

radians.

Jets are reconstructed from PF objects with the anti-kT clustering algorithm implemented in the
FASTJET library [56, 57], using a distance parameter of 0.4. Corrections to the jet energy are
applied as a function of the pT and h of the jet [58]. The jets in this search are required to be sep-
arated from the selected electrons, muons, or th, by DR � 0.5. Jets that originate from b quarks,
called b jets, are identified with the combined secondary vertex (CSVv2) algorithm [59]. The
CSVv2 algorithm builds a discriminant from variables related to secondary vertices associated
with the jet if any, and from track-based lifetime information. The working point chosen in this
search provides an efficiency for b quark jets of approximately 70%, and a misidentification
rate for light-flavor and c quark jets of approximately 1 and 10%, respectively.

Hadronically decaying t leptons are reconstructed with the hadrons-plus-strips (HPS) algo-
rithm [60, 61] as a combination of tracks and energy deposits in strips of the ECAL. The tracks
are the signature of the charged hadrons, and the strips that of the neutral pions, which decay
to a pair of photons with potential electron-positron conversion. The reconstructed th decay
modes are one track, one track plus at least one strip, and three tracks. The rate for jets to be
misidentified as th is reduced by applying an MVA discriminator that uses isolation as well as
lifetime variables. Its working point has been chosen to have an efficiency of approximately
45% for a misidentification rate of light-flavor jets of the order of 0.1%. Additionally, discrimi-
nators that reduce the rates with which electrons and muons are misidentified as th are applied.
Loose working points with an efficiency above 90% are chosen because the Z ! ee/µµ back-
ground does not contribute much in the region where the signal is expected.

To account for the contribution of undetected particles, such as the neutrinos, the missing trans-
verse momentum, ~pmiss

T , is defined as the negative vectorial sum of the transverse momenta of
all PF objects reconstructed in the event. The magnitude of this vector is denoted p

miss
T . The

reconstructed vertex with the largest value of summed physics-object p
2
T is taken to be the pri-

mary pp interaction vertex. The physics objects are the objects constructed by a jet finding
algorithm [56, 62] applied to all charged tracks associated with the vertex, and the correspond-
ing associated missing transverse momentum.

4 Event selection
Events are selected in three different tt final states: eµ, eth, and µth. They are additionally
required to contain at least one b-tagged jet. The dominant backgrounds with these objects in
the final state are tt and Z ! tt production. Another large background consists of events with
jets misidentified as th, such as W + jets events, the background from SM events composed
uniquely of jets produced through the strong interaction, referred to as QCD multijet events,
or semileptonic tt events.

All events are required to have at least one b-tagged jet with pT > 20 GeV and |h| < 2.4. About
90% of simulated signal events passing this condition have only one such jet, as a result of the
typically soft b jet pT spectrum and of the limited efficiency of the b tagging algorithm. Events
in the eµ final state are selected with a trigger that relies on the presence of both an electron and
a muon, where the leading lepton has pT > 23 GeV and the subleading one pT > 12 GeV if it is
an electron or 8 GeV if it is a muon. In the eth final state, the trigger is based on the presence of
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Figure 6: Distributions of m
vis
tt in the four categories of the µth channel. The “jet ! th” con-

tribution includes all events with a jet misidentified as a th candidate, whereas the rest of
background contributions only include events where the reconstructed th corresponds to a
th, a muon, or an electron, at the generator level. The “Other” contribution includes events
from single top quark, diboson, and SM Higgs boson processes. The signal histogram cor-
responds to the SM production cross section for ggh, VBF, and Vh processes, and assumes
B(h ! aa ! 2t2b) = 10%. The normalizations of the predicted background distributions
correspond to the result of the global fit.
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CMS analyses
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a-decay products
Motivation

Search for 125 GeV Higgs decaying to new (pseudo)scalar a in bbµµ final state. Search
scans a variety of ma between 20 - 60 GeV
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Dark matter & y-ray flux
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FIG. 5. Same as Fig. 4 but for the scenario s3.

luminosity LHC could constrain the favored region mA & 2m�, where only the DM s-channel

annihilation into the b̄b pair is relevant to the GC gamma-ray excess.

We have shown the regions disfavored by the observation of dSphs, which provide the leading

constraints on the GC gamma-ray excess. Moreover, the projected sensitivity of the 15-year Fermi-

LAT observations of dSphs can set a stringent constraint on the most parameter space allowed in

this model.

For direct detections, we have presented the exclusion limits of the current LUX WS2014-16

and PICO-60. The latter is especially insensitive to the choice of parameter set, and, moreover,

gives the most stringent exclusion bound among current direct detection experiments. If the dark

matter annihilation is contributed by the on-shell mediator channel over 50%, this model with a

light mediator mA . 0.5m� can be accessible in the projected PICO-500L experiment in the near

future.

1711.03878

Red region consistent 
Fermi-LAT data

Bounds form direct 
detection experiments

Above red line excluded 
by non-observation of 
y-ray emissions from 
dwarf galaxies

Black line consistent 
with relic density

https://arxiv.org/pdf/1711.03878.pdf
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tt background
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• Neutrinos leave no trace in the detector:  
‣ Missing transverse energy: ETmiss  
‣ Presence of non-interacting particles induced through 
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Figure 2: Definition of the signal and control regions (SR and CR, respectively) in the single lepton and dilepton
channels. The control regions indicate the main background component probed. The vertical axis shows the lepton
selection, while the horizontal axis shows the jet and b-tagged jet multiplicities.

ATLAS Internal

 = 13 TeVs

Single lepton

 + lighttt
c + ctt
b + btt

Other

1l, 3j, 2b 1l, 4j, 2b 1l, 3j, 3b

1l, 4j, 3b 5j, 3b≥1l, 1l, 4j, 4b

4b≥5j, ≥1l, 

(a)

ATLAS Internal

 = 13 TeVs

Dilepton

 + lighttt c + ctt

b + btt Z+jets
Other

3j, 2b≥, -µ+µ/-e+e , 3j, 3b-µ+µ/-e+e 4j, 3b≥, -µ+µ/-e+e

, 4j, 4b-µ+µ/-e+e 3j, 3b≥, 

±

µ±e 4b≥4j, ≥, 

±

µ±e

(b)

Figure 3: Fractional contributions of the various backgrounds to the total background prediction in the (a) single
lepton and (b) dilepton signal and control regions. The predictions for the various background contributions are
obtained through the simulation and the data-driven estimates described in Section 4. The tt̄ background categories
are also defined in Section 4.

two b-jets from the top-quark decays. Additional jets arise from gluon splitting into bb̄ and cc̄ and from275

additional jets from initial-state radiation and pileup. In each of these cases, the third and fourth b-tags in276
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Analysis regions
• Bin events based on: 

‣ Total number of jets (nj) 

‣ Number of b-tagged jets (nb) 

‣ Signal-enhanced bins are the ones with 3b or 4b (& <5j)
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Background composition
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ATLAS DRAFT

Variable (1`, 3j, 3b) (1`, 4j, 3b) (1`, 4j, 4b) (2`, 3j, 3b) (2`, �4j, 3b) (2`, �4j, �4b)

mbbb X X X X
mbbbb X X
mbb1 X X
mbb2 X X
average �R(b,b) X X X X X X
HT X X X
pWT X
mbbj X
mT2 X X X
�R(`,`) X X X
�R(Z ,H) X X
cos ✓⇤ X
Emiss

T X X X

Table 2: List of variables used to train the BDT multivariate discriminant for each signal region.

the processes involved, with the exception of cross-section uncertainties that a�ect only the normalization358

of the considered sample. Nonetheless, the normalization uncertainties modify the relative fractions of359

the di�erent processes, leading in turn to a shape uncertainty in the distribution of the final discriminant360

in the di�erent analysis categories.361

A single nuisance parameter is assigned to each source of systematic uncertainty, as described in Section 8.362

Some of the systematic uncertainties, in particular most of the experimental uncertainties, are decomposed363

into several independent sources, as specified in the following. Each individual source then has a364

correlated e�ect across all channels, analysis categories, signal and background samples. For modeling365

uncertainties, especially the tt̄ and Z + jets modeling, additional nuisance parameters are included to366

split some uncertainties into several sources a�ecting di�erent subcomponents of a particular process367

independently.368

The uncertainty of the combined integrated luminosity for 2015 and 2016 is 2.1%. It is determined using369

a methodology similar to that detailed in Ref. [35]. Uncertainties on the modeling of pileup are also370

considered, and cover the di�erences between the predicted and measured inelastic cross-sections [92].371

Uncertainties associated with leptons arise from the trigger, reconstruction, identification, and isolation372

e�ciencies, as well as the momentum scale and resolution. These are measured in data using leptons in373

Z ! `+`�, J/ ! `+`� and W ! e⌫ events [39, 93] and have only a small impact on the result.374

Uncertainties associated with jets arise from their reconstruction and identification e�ciencies. These are375

due to the uncertainty in the jet energy scale (JES), resolution and the e�ciency of the JVT requirement376

that is meant to remove jets from pileup. The JES and its uncertainty are derived by combining information377

from test-beam data, LHC collision data and simulation [43]. Additional uncertainties are also considered,378

associated to the jet flavor and pileup corrections. The total per-jet uncertainties are 1–6%, though the379

e�ects are amplified by the large number of jets in the final state.380

The e�ciency to correctly tag b-jets is measured in data using dilepton tt̄ events. The mistag rate for381

c-jets is measured in events with W bosons decays to qq̄. For light jets, it is measured in multi-jet events382

using jets containing secondary vertices and tracks with impact parameters consistent with a negative383
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Figure 8: Comparison between data and prediction for the BDT discriminants in the (left) single-lepton signal
regions trained with a signal with ma = 50 GeV: (a) (1`, 3j, 3b), (c) (1`, 4j, 3b) and (e) (1`, 4j, 4b) and in the (right)
same-flavour dilepton signal regions trained with a signal with ma = 30 GeV: (b) (2`, 3j, 3b), (d) (2`, �4j, 3b) and
(f) (2`, �4j, �4b), after performing the combined single-lepton and dilepton fit of the predictions in all SRs and
CRs to the data. The signal yield (solid red) is normalized to µ̂ after the fit for a signal with ma = 60 GeV.
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Figure 4: Comparison of data with the post-fit background estimates for (a) mbbb , (b) mbbbb , (c) average �R(b,b),
(d) HT, (e) pWT and (f) mbbj in the single-lepton sample inclusive in number of jets and b-tagged jets. Comparisons
use events with � 3 jets, except when � 4 jets are necessary to define the variable, in which case events with � 4
jets are used. Distributions for the signal model (WH, H ! aa ! 4b), with ma = 60 GeV, normalized to the SM
pp ! WH cross-section, assuming B(H ! aa ! 4b) = 1 and scaled by a factor as indicated in the figure, are
overlaid. The hashed area represents the total uncertainty in the background. The last bin contains the overflow.
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Figure 4: Comparison of data with the post-fit background estimates for (a) mbbb , (b) mbbbb , (c) average �R(b,b),
(d) HT, (e) pWT and (f) mbbj in the single-lepton sample inclusive in number of jets and b-tagged jets. Comparisons
use events with � 3 jets, except when � 4 jets are necessary to define the variable, in which case events with � 4
jets are used. Distributions for the signal model (WH, H ! aa ! 4b), with ma = 60 GeV, normalized to the SM
pp ! WH cross-section, assuming B(H ! aa ! 4b) = 1 and scaled by a factor as indicated in the figure, are
overlaid. The hashed area represents the total uncertainty in the background. The last bin contains the overflow.
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Figure 4: Comparison of data with the post-fit background estimates for (a) mbbb , (b) mbbbb , (c) average �R(b,b),
(d) HT, (e) pWT and (f) mbbj in the single-lepton sample inclusive in number of jets and b-tagged jets. Comparisons
use events with � 3 jets, except when � 4 jets are necessary to define the variable, in which case events with � 4
jets are used. Distributions for the signal model (WH, H ! aa ! 4b), with ma = 60 GeV, normalized to the SM
pp ! WH cross-section, assuming B(H ! aa ! 4b) = 1 and scaled by a factor as indicated in the figure, are
overlaid. The hashed area represents the total uncertainty in the background. The last bin contains the overflow.

13



L. Morvaj Exotic Higgs decays 67

Kinematic variables

0 100 200 300 400 500
 [GeV]bbbm

0.75

0.875
1

1.125

 

Da
ta

 / 
Pr

ed
. 0

5000

10000

15000

20000

25000

Ev
en

ts
 / 

80
 G

eV ATLAS
-1 = 13 TeV, 36.1 fbs

2 b-tags≥3 jets, ≥2 leptons, 
 = 60 GeVa 4b, m→ aa →H 

Data
50)×ZH (

 + lighttt
c + ctt
b + btt

Z+jets
Other

(a)

0 100 200 300 400 500
 [GeV]bbbbm

0.75

0.875
1

1.125

 

Da
ta

 / 
Pr

ed
. 0

2000

4000

6000

8000

10000

12000

14000

16000

Ev
en

ts
 / 

80
 G

eV ATLAS
-1 = 13 TeV, 36.1 fbs

2 b-tags≥4 jets, ≥2 leptons, 
 = 60 GeVa 4b, m→ aa →H 

Data
100)×ZH (

 + lighttt
c + ctt
b + btt

Z+jets
Other

(b)

0 50 100 150 200 250
 [GeV]bb1m

0.75

0.875
1

1.125

 

Da
ta

 / 
Pr

ed
. 0

10

20

30

40

50

60

70

80

90

Ev
en

ts
 / 

10
 G

eV ATLAS
-1 = 13 TeV, 36.1 fbs

4 b-tags≥4 jets, ≥2 leptons, 
 = 60 GeVa 4b, m→ aa →H 

Data
15)×ZH (

 + lighttt
c + ctt
b + btt

Z+jets
Other

(c)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

R(b,b)ΔAverage 

0.75

0.875
1

1.125

 

Da
ta

 / 
Pr

ed
. 0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Ev
en

ts

ATLAS
-1 = 13 TeV, 36.1 fbs

2 b-tags≥3 jets, ≥2 leptons, 
 = 60 GeVa 4b, m→ aa →H 

Data
100)×ZH (

 + lighttt
c + ctt
b + btt

Z+jets
Other

(d)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

R(l,l)Δ

0.75

0.875
1

1.125

 

Da
ta

 / 
Pr

ed
. 0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Ev
en

ts

ATLAS
-1 = 13 TeV, 36.1 fbs

2 b-tags≥3 jets, ≥2 leptons, 
 = 60 GeVa 4b, m→ aa →H 

Data
100)×ZH (

 + lighttt
c + ctt
b + btt

Z+jets
Other

(e)

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

)*θcos(

0.75

0.875
1

1.125

 

Da
ta

 / 
Pr

ed
. 0

20

40

60

80

100

120

140

160

180Ev
en

ts

ATLAS
-1 = 13 TeV, 36.1 fbs

4 b-tags≥4 jets, ≥2 leptons, 
 = 60 GeVa 4b, m→ aa →H 

Data
40)×ZH (

 + lighttt
c + ctt
b + btt

Z+jets
Other

(f)

Figure 5: Comparison of data with the post-fit background estimates for (a) mbbb , (b) mbbbb , (c) mbb1, (d) average
�R(b,b), (e)�R(`,`) and (f) cos ✓⇤ in the dilepton sample inclusive in number of jets and b-tagged jets. Comparisons
use events with � 3 jets, except when � 4 jets are necessary to define the variable, in which case events with � 4
jets are used. Distributions for the signal model (ZH, H ! aa ! 4b), with ma = 60 GeV, normalized to the SM
pp ! ZH cross-section, assuming B(H ! aa ! 4b) = 1 and scaled by a factor as indicated in the figure, are
overlaid. The hashed area represents the total uncertainty in the background. The last bin contains the overflow.
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Figure 5: Comparison of data with the post-fit background estimates for (a) mbbb , (b) mbbbb , (c) mbb1, (d) average
�R(b,b), (e)�R(`,`) and (f) cos ✓⇤ in the dilepton sample inclusive in number of jets and b-tagged jets. Comparisons
use events with � 3 jets, except when � 4 jets are necessary to define the variable, in which case events with � 4
jets are used. Distributions for the signal model (ZH, H ! aa ! 4b), with ma = 60 GeV, normalized to the SM
pp ! ZH cross-section, assuming B(H ! aa ! 4b) = 1 and scaled by a factor as indicated in the figure, are
overlaid. The hashed area represents the total uncertainty in the background. The last bin contains the overflow.
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Figure 5: Comparison of data with the post-fit background estimates for (a) mbbb , (b) mbbbb , (c) mbb1, (d) average
�R(b,b), (e)�R(`,`) and (f) cos ✓⇤ in the dilepton sample inclusive in number of jets and b-tagged jets. Comparisons
use events with � 3 jets, except when � 4 jets are necessary to define the variable, in which case events with � 4
jets are used. Distributions for the signal model (ZH, H ! aa ! 4b), with ma = 60 GeV, normalized to the SM
pp ! ZH cross-section, assuming B(H ! aa ! 4b) = 1 and scaled by a factor as indicated in the figure, are
overlaid. The hashed area represents the total uncertainty in the background. The last bin contains the overflow.
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ATLAS DM searches
• Assuming a leptophobic axial-vector mediator (arXiv:1703.05703)

q

q̄ q

q̄

X

�

q

q̄ q

q̄

g

X

Figure 1: Examples of diagrams for the production of a new resonance X recoiling against an ISR (left) photon or
(right) jet.

momentum (pT) particles are measured using silicon tracking detectors and straw tubes detecting transition
radiation, finely segmented hadronic and electromagnetic calorimeters, and a muon spectrometer. The
inner tracking detector covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon micro-
strip, and transition radiation tracking (TRT) detectors. Lead/liquid-argon (LAr) sampling calorimeters
provide electromagnetic (EM) energy measurements with high granularity. A hadron (iron/scintillator-
tile) calorimeter covers the central pseudorapidity range (|⌘ | < 1.7). The end-cap and forward regions are
instrumented with LAr calorimeters for both EM and hadronic energy measurements up to |⌘ | = 4.9. The
first-level trigger is implemented in hardware and uses a subset of the detector information to reduce the
accepted rate to 100 kHz. This hardware trigger is followed by a software-based trigger that reduces the
rate of recorded events to 1 kHz.

3 Data

The data were collected in pp collisions at
p

s = 13 TeV during 2015 and 2016. The mean number of
interactions per bunch crossing in the dataset varied from 14 in the 2015 dataset to 23.5 in the 2016
dataset. For the X + � search, collision events are recorded with a trigger requiring at least one photon
candidate in the software-based trigger with a transverse energy ET of at least 140 GeV passing "loose"
identification requirements based on the shower shapes in the EM calorimeter as well as on the energy
leaking into the hadronic calorimeter from the EM calorimeter [23]. For the X + j search, collision events
are recorded using a trigger requiring the presence of at least one jet reconstructed in the software-based
trigger with ET of at least 380 GeV.

Only data satisfying beam, detector and data quality criteria are considered. The data used for the analysis
correspond to an integrated luminosity of 15.5 fb�1. The preliminary uncertainty on the combined
2015+2016 integrated luminosity is 2.9%. It is derived, following a methodology similar to that detailed
in Refs. [24] and [25], from a preliminary calibration of the luminosity scale using x-y beam-separation
scans performed in August 2015 and May 2016.
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Fig. 1 Feynman diagrams for
the pair production of DM
particles for the case of a contact
interaction (left) and the
exchange of a mediator (right)
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q

DM

DM

The Arkani-Hamed, Dimopoulos, and Dvali (ADD) model
[13–17] of large extra dimensions mitigates the hierarchy
problem [18] by introducing a number δ of extra dimensions.
In the simplest scenario, these are compactified over a mul-
tidimensional torus with radii R. Gravity is free to propagate
into the extra dimensions, while SM particles and interac-
tions are confined to ordinary space–time. The strength of the
gravitational force is thus diluted in 3+1 dimensional space–
time, explaining its apparent weakness in comparison to the
other fundamental forces. The fundamental Planck scale in
3+δ spatial dimensions, MD, is related to the apparent Planck
scale in 3 dimensions, MPl as MPl

2 = 8πMD
(δ+2)Rδ [16].

The increased phase space available in the extra dimensions
is expected to enhance the production of gravitons, which
are weakly interacting and escape undetected, their presence
must therefore be inferred by detecting Emiss

T . When pro-
duced in association with a jet, this gives rise to the mono-
jet signal. Previous searches for large extra dimensions in
monophoton and monojet channels have yielded no evidence
of new physics [11,12,19–25].

Unparticle models [26] postulate the existence of a scale-
invariant (conformal) sector, indicating new physics that can-
not be described using particles. This conformal sector is con-
nected to the SM at a high mass scale #U. In the low-energy
limit, with scale dimensiondu , events appear to correspond to
the production of a non-integer number du of invisible par-
ticles. Assuming these are sufficiently long-lived to decay
outside of the detector, they are undetected and so give rise
to Emiss

T . If #U is assumed to be of order TeV , the effects
of unparticles can be studied in the context of an effective
field theory at the LHC. Previous searches for unparticles at
CMS [24] have yielded no evidence of new physics. Figure 2
shows Feynman diagrams for some of the processes leading
to the production of a graviton or unparticle in association
with a jet.

2 The CMS detector and event reconstruction

The CMS apparatus features a superconducting solenoid,
12.5 m long with an internal diameter of 6 m, providing a
uniform magnetic field of 3.8 T. Within the field volume are
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g
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Fig. 2 Feynman diagrams for the production of a graviton (G) or unpar-
ticles (U) in association with a jet

a silicon pixel and strip tracker, a crystal electromagnetic
calorimeter and a brass/scintillator hadron calorimeter. The
momentum resolution for reconstructed tracks in the cen-
tral region is about 1.5 % for non-isolated particles with
transverse momenta (pT) between 1 and 10 GeV and 2.8 %
for isolated particles with pT of 100 GeV. The calorime-
ter system surrounds the tracker and consists of a scintil-
lating lead tungstate crystal electromagnetic calorimeter and
a brass/scintillator hadron calorimeter with coverage up to
|η| = 3. The quartz/steel forward hadron calorimeters extend
the calorimetry coverage up to |η| = 5.

A system of gas-ionization muon detectors embedded in
the steel flux-return yoke of the solenoid allows reconstruc-
tion and identification of muons in the |η| < 2.4 region.
Events are recorded using a two-level trigger system. A more
detailed description of the CMS detector and the trigger sys-
tem can be found in [27].

Offline, particle candidates are individually identified
using a particle-flow reconstruction [28,29]. This algorithm
reconstructs each particle produced in a collision by com-
bining information from the tracker, the calorimeters, and
the muon system, and identifies them as either a charged
hadron, neutral hadron, photon, muon, or electron. The can-
didate particles are then clustered into jets using the anti-kT
algorithm [30] with a distance parameter of 0.5. The energy
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ATLAS DM searches
• Assuming a leptophobic axial-vector mediator Z’ (arXiv:1507.00966) 

low-mass 
resonance, 
triggering on ISR High-mass analysis

Trigger-level-analysisLow-mass resonance 
=> boosted
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ATLAS DM searches
• Spin-independent WIMP-nucleon scattering cross section in the context of the Z'-

like simplified model with vector couplings
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ATLAS DM searches
• Spin-dependent WIMP-neutron scattering cross section in the context of the Z'-like 

simplified model with axial-vector couplings


