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We investigate the interactions of a light scalar with the Higgs boson and second-generation fermions,
which trigger new rare decays of the Higgs boson into 4u, 242y, 6 and 4u2j. We recast current LHC
searches to constrain these decays and develop new collider analyses for those channels which are only
poorly tested by existing studies. With the currently collected data we can probe branching ratios as
small as 1.5 x 1072, 8.7 x 10™>, 5.7 x 1078 and 1.6 x 10~7, respectively. For the High-Luminosity LHC
run, considered here to involve 3 ab~! of integrated luminosity, these numbers go down to 1.3 x 107,
2.0x107%,3.0x 1072 and 5.4 x 102, respectively. We also comment on other channels that remain still
unexplored.
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1. Introduction

Light neutral (pseudo-)scalar particles are ubiquitous in mod-
els of new physics, including theories with a spontaneously bro-
ken global symmetry such as the Peccei-Quinn solution to the
strong CP problem [1-4], composite Higgs models [5-7] and oth-
ers [8,9]. Moreover, they appear in different explanations for dark
matter [10-12] as well as for the flavour problem [8,13-15] and
the hierarchy problem [16]. With a little abuse of language, we
will hereafter refer to these light scalars as axion-like particles
(ALPs), irrespective of whether or not they fulfil a shift symmetry
a — a + ag. In-depth analyses, including quantum effects, of the
possible interactions between these ALPs and the SM fields, have
been recently presented in Refs. [17-20].

Many of those couplings are constrained by data collected at
low-energy and flavour facilities [21-33] colliders including LEP
[34-37] and the LHC [36-48] or in astrophysical events [49-
55]. Some couplings have been shown to be only testable in
Higgs physics, particularly through yet unexplored decays of the
Higgs boson. Recent analyses in this line include flavour-violating
ALPs [56,57] and searches for Higgs decays to ALPs with subse-
quent decay to photons and jets explored in [58] and subsequent
decays to electrons in [59]; see also Ref. [60] for an extensive re-
view on the topic.
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In this paper, despite continuing this research avenue, we focus
on flavour-conserving Higgs decays in which not all final fermion
pairs reconstruct narrow masses as our targeted signals ensue from
Higgs-fermion-ALP contact interactions. The article is organised as
follows. In section 2 we introduce the relevant ALP interactions
with Standard Model (SM) particles; we discuss their possible ori-
gin and estimate the resulting Higgs branching ratios into the final
states of interest. In section 3 we present a thorough analysis of
the potential of current experimental data. We recast sensitive ex-
isting searches, develop new search strategies and set limits on
the ALP interactions with the SM. In section 4 we briefly discuss
the implications for the anomalous magnetic moment of the muon.
We conclude in section 5. We dedicate Appendix A to limitations
of other potential analyses not considered in the main text.

2. Theory and experiment

From an agnostic point of view, and without exact knowledge of
the nature of the electroweak symmetry breaking (EWSB), namely
whether it is linearly or non-linearly realised, the interactions be-
tween the ALP and the SM particles must be described by an
effective-field theory, the Lagrangian of which reads:
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plus other terms that are either suppressed by further powers f,
or that involve other gauge bosons, which we are not interested in.
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Fig. 1. Diagrams representing the Higgs decays of interest: h — 4u (left), h — 2u2y (centre-left), h — 6 (centre-right), h — 4u2j (right).

Note that h represents the physical Higgs boson, A stands for the
photon, and ¢ can be any fermion; we ignore family indices as we
assume flavour conservation. We only consider second-generation
fermions in the following, since their couplings, particularly those
involving leptons (muons), can almost exclusively be tested in
Higgs decays at the LHC. There are currently no other facilities in
which the intervening particles can collide at sufficiently high en-
ergies.

The Lagrangian above contains the first terms in the leading-
order ALP chiral Lagrangian.! Different bounds on the parameters
of this Lagrangian can be found, for example, in Ref. [40]. To the
best of our knowledge no constraints have been reported on the
equivalent of c‘{’ and c2'/' .

The hay i interactions can be sizeable even if ayy couplings
are small or absent. If the EWSB is linearly realised, then Eq. (1)
arises from a more fundamental Lagrangian involving the full Higgs
doublet H =[G, (h+iG®)/+/2]" upon EWSB; h — h+v with v ~
246 GeV. Even in this case, c‘{' is not necessarily related to cqy,
being therefore, in general, unconstrained. To see this, consider the
following Lagrangian:

|H|?
— iy (cl +627) the 2)
fa f2
One can, without loss of generality, define the new coupling ¢} =
1+ czvz/(Zfaz), from where we obtain the following Lagrangian
after EWSB:

L= ay i + (cl +0— v hyryr . (3)

2
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«/— 2fa V2fa
Since c; was completely arbitrary, so is c}. The fact that the cou-
pling ¢}, which induces decays of the ALP to fermions, is small
as required by experimental data [36,61], implies some tuning
between two couplings. More concretely, for f; ~ 1 TeV, ¢} <
102 — 10~ ! [61], which in turn requires a fine-tuning between
c1 and cav?/ f2 of the order of 10 — 100. It also implies that c1/c;
is smaller than naively anticipated based on v/f, power count-
ing alone. Beyond accidental, this possibility could reflect that the
two operators arise at different order in perturbation theory in the
UV, similar to models in which the Weinberg operator is gener-
ated at loop level while its dimension-7 counterpart arises at tree
level [62]. Be that as it may, it must be considered that it is possi-
ble to have sizeable hay s couplings in the absence of large ay v
interactions.

The different ways in which the ALP a can decay remain largely
unconstrained. Thus, a — ™ can dominate if, for example, a
Z, symmetry a — —a is only broken in the muon sector while
being exact in the quark sector. This forbids h — aqq, but allows

1 The Higgs-ALP-fermion interactions in the leading-order chiral Lagrangian
reads [40]:

h h? —
Lio = —iv2 —(1 +tao e+ +--)YUo3Yy +he.,
with Y representing the Yukawa coupling of v; U is defined as U = exp (ioqw?/v)
with 7% denoting the gauge boson longitudinal degrees of freedom and o, the Pauli

matrices. The crucial point is that the parameters aq, ay, etc. are all independent.

h — app. Likewise, it makes c'z/' vanish for neither leptons nor
quarks, so both h — aaqq and h — aap e remain open in principle.
However, the fact that both can coexist is of little relevance for our
analysis, as the SM dominates the Higgs width; T, ~ 4 MeV [63].
On the other hand, a — yy can be sizeable (or even the dominat-
ing decay) if the Z, symmetry a — —a and h — —h is respected
in good approximation by all fermions and provided cy4 is non-
zero (Note that even if cga ~ «/(4m), as suggested by naive power
counting, the decay a — y y is prompt.).

In light of this discussion, we focus on the Higgs decays to
ALPs with subsequent decays of the ALP to muons or photons in
this article. In particular, we investigate the following Higgs de-
cay modes which are shown in Fig. 1: (i) h — aup,a — puu; (ii)
h—auw,a— yy; (iii)) h - aaup,a - pp; (iv) h - aaqq,a —
. We restrict the ALP mass range to mg € [10, 50] in order to
stay well below the Z boson peak for di-muon resonances and
to ensure a large enough angular separation between the photons
in low-mass di-photon resonances. Apart from Higgs decays, the
processes (i)-(iii) can only be tested at muon colliders in the con-
sidered ALP mass range. However, process (iv) can also be tested
at the LHC through pp — haa, a — uu and we will indeed see in
section 3.4 that this channel provides more substantial limits on
the corresponding Wilson coefficient.

To test these Higgs decays, we recast current LHC analyses at
/s = 13TeV, where possible. However, we refrain from using 7 TeV
or 8 TeV analyses due to the lower Higgs production cross-section
and luminosity. We have performed a thorough and systematic
study of experimental searches in final states involving at least
two muons to find suitable analyses. We notice that most beyond
SM searches are of little relevance. SUSY searches typically enforce
substantial cuts on the missing energy El}‘iss absent within our sig-
nals, whereas heavy resonance searches, on the other hand, often
require large transverse momenta of the final-state particles, while
the decay products of a four- or six-body decay of a 125 GeV reso-
nance are rarely very energetic.

Before discussing search strategies for our exotic Higgs decays,
let us estimate the corresponding partial decay widths. This allows
us to project the number of events for current and future runs
of the LHC and to establish the signal acceptance needed for an
analysis to be sensitive to our ALP signals.

We concentrate first on the four-body decays of the Higgs, h —
4 and h — 2p2y. The partial width for the Higgs decay to an
ALP and two fermions can be estimated to be:

2

L(h— ayy) ~ W h-

(4)
For O(1) couplings at f, =1 TeV, the corresponding branching ra-
tio is about 103, Taking into account the Higgs production cross
section at /s = 13 TeV which is approximately 48 pb [64] and
the planned integrated luminosity of £ =3 ab~! we expect ~ 10°
h — ayy events at the High-Luminosity LHC (HL-LHC). Optimisti-
cally assuming that at least 10 signal events are needed to distin-
guish the signal from background fluctuations at the 2o level (as
these two channels are never background-free), it can be straight-
forwardly concluded that an analysis probing the two Higgs decays
requires at least a signal acceptance of 107>
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Let us now turn our attention to the six-body Higgs decays in
the channels h — 6 and h — 4u2j. These processes result from
the decay of a Higgs into two ALPs and two fermions with an ap-
proximate width:

&2

C'th—aavy) ~ —=2"  —_m>.
( v 73728754 "

(5)
The corresponding branching ratio is of about 10~ for O(1) cou-
plings at f, = 1TeV and we expect only ~ 50 h — aay/y events
to be produced at the HL-LHC. Even background-free experimental
searches can thus only be sensitive to O(1) couplings triggering
these decays provided their signal acceptance is at least 10%.

3. Analysis

To set limits on the ALP interactions in our model, we com-
pare the predicted fiducial cross-sections with current LHC data.
We have implemented the interactions of the Lagrangian in Eq. (1)
in FeynRules [65]. Events have been generated using MadGraph-
v2.7.3 [66], showered with Pythia8 [67] and analysed using
Rivet-v2.7.0 [68].

Unless otherwise stated, all signal and background samples
have been generated at leading order. For gluon fusion Higgs pro-
duction, we include a k factor to normalize the cross-section to its
N3LO QCD+NLO EW prediction of 48.58 pb [64].

3.1. Four muon final state

To constrain the Wilson coefficient cﬁ‘ , we analyse contributions
to Higgs decays in the four-lepton final state via h — auu — 4u
as represented by the Feynman diagram in the left panel of Fig. 1.

Several LHC searches analyse final states with four muons, ren-
dering them potentially sensitive to our h — 4 signal. However,
most SM analyses focus on different invariant mass ranges for the
four-lepton system, see e.g. Ref. [70] for a Z — 4 analysis, and
most exotic/SUSY searches focus on high-energy events with large
total invariant or effective masses, see Refs. [71,72].

An analysis that targets explicitly our signal properties is the
CMS search for low-mass di-lepton resonances in Higgs boson de-
cays to four leptons [69]. The analysis requires two opposite-sign
same-flavour (OSSF) lepton pairs with a four-lepton invariant mass
close to the Higgs mass:

p‘% > 20, 15, 5,5GeV, my, €[118, 130]GeV,
My+g- > 4GeV, my+,- ¢[8.0, 11.5]GeV (6)
mz, >40GeV, AR(¢;,¢;)>0.02.

For the ZX(uu) search region of the analysis, the leptons are
paired such that Z; is the OSSF lepton pair closest to the Z boson
mass, i.e. for which |mz, —mg| is minimal. The second OSSF lepton
pair Z; is required to consist of two muons. Events with an OSSF
lepton pair in the invariant mass range my+,- € [8.0, 11.5]GeV are
excluded to suppress the background from Y(bb) decays. We have
implemented the cuts in Eq. (6) in Rivet.

We present the mass distribution of the second OSSF lepton
pair mz, in the top panel of Fig. 2. A Higgs decay via the h —
app — 4 channel leads to a resonance at mz, ~ mq (in the con-
sidered my mass range). Therefore, we can use this distribution to
set limits on the Wilson coefficient c|’. The dominant backgrounds
for this analysis are h — ZZ* and ZZ production, and we take
their prediction directly from Fig. 2a of Ref. [69] along with a 10%
systematic uncertainty on the total per-bin background prediction.
The h — ZZ* — 4¢ background prediction was used to validate
our implementation of the CMS analysis in Rivet. We agree with
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Fig. 2. Top: mz, distribution in the h — 4y analysis for data, background and signals
at different masses (£ = 137 fb~'). The grey dashed line at mz, = 36GeV repre-
sents the upper limit of the search region considered in the CMS analysis [69]; see
text for details. Bottom: Upper 95% CLs limits on cﬁL/fa at different luminosities.
Limits marked with an “x” are observed limits, other limits are expected limits.

the number of events in each of the 64 bins at the 10% level after
including an experimental efficiency of 74%.

The corresponding observed (expected) 95% CLs limits [73] at
£=137 fb~! are:

cll‘ 0.027(0.021)/TeV  for mg = 15GeV

< : (7)
fa0.027(0.025)/TeV  for ms =30GeV

assuming that all ALPs decay to muons only.

While the CMS search only considers the region mz, < 36GeV,
we can in principle extend the search region to higher Z, masses.
The background at these masses is dominated by SM Higgs decays
and we rely on our own background prediction in this region. The
expected 95% CLs limit for a mg; = 50GeV ALP and 137 ! of
data are:

i
C
f—1 <0.037/TeV for mg =50GeV. (8)

a

In the bottom panel of Fig. 2, we show the limits on cé‘/fa for
different ALP masses. We present the limits for the current lu-
minosity 137 fb~' as well as for the planned luminosities after
LHC Run III, 300 fb~!, and the HL-LHC, 3 ab~!. For higher ALP
masses, the limits slightly decrease due to the larger phase-space
suppression; also, compare the top panel of Fig. 2. However, the
reduced production cross-section is only partially compensated by
a smaller background contribution and a higher signal acceptance
as a result of the muons carrying on average higher transverse
momenta.

The sensitivity of the current CMS analysis to our ALP signal
could be further improved by requiring that all four leptons, and
not only the ones forming Z,, are muons. This would decrease
the background contribution by an approximate factor of 1/2 and
tighten the expected limits by around 10%.



A. Biekétter, M. Chala and M. Spannowsky

T T T T T

— m,; =10 GeV — m,; =50 GeV
60| m,=20GeV  —— backgrounds |
—— m, =30 GeV

clif;=0.1Tev?

Events/(3 GeV)

™10 20 30 40 50
m,, [GeV]
0.150 — , : : :
e [£=137fb71
— 0.125} £=300fb"1
5 e £=3000fb1
© 0.100f ]
= °
© [ ]
X oo075F° ° ]
(S} [ ] [ ]
c
S 0.050¢ ]
é ° °
=0025° o o ° 1
0.0005 20 30 40 50
m, [GeV]

Fig. 3. Top: my,, distribution in the h — auu — 2u2y analysis for signal and back-
grounds at £ = 137 fb~'. Bottom: Upper 95% CLs limits on cﬁ‘/fa for different
luminosities.

3.2. Two muon two photon final state

We now consider the possibility that the ALP is produced in a
Higgs decay in association with two muons and that it decays into
two photons. The corresponding Feynman diagram is shown in the
second panel of Fig. 1.

The most promising LHC analysis to constrain our 22y ALP
signal is the CMS search targeting events with a leptonically de-
caying Z boson and two photons [74].> However, its cut on the
transverse momentum of the two photons, p¥ > 20GeV, is only
rarely passed for the photons resulting from the decay of a low-
mass ALP a — yy. To increase the sensitivity on Higgs decays
to ALPs via the h — a2u channel, we design our own analysis
based on Ref. [74]. We relax the cuts my, > 55 GeV and p¥ >
20GeV in the experimental reference to make the analysis more
inclusive:

py >30,15GeV, |p*|<2.4GeV,
In”| <2.5GeV (excl. 1.44 < |n¥| < 1.57), (9)
pY >15,GeV, AR(y, u/y)>04.

my, > 12GeV

To select the Higgs decay region we further require mygey, €
[110, 140] GeV.

To set limits, we consider the invariant mass distribution of the
two photons my,,, where the ALP signal will produce a resonance
at its mass; compare the top panel of Fig. 3.

2 searches for Higgs decays in the h — Zy — €€y channel also offer some sen-
sitivity to our h — 2u2y signal. However, due to the fact these analysis target
events with a single photon, we cannot use h — Zy searches to constrain the ALP
mass which shows up as a resonance in the my, spectrum. Moreover, the ATLAS
search [75] uses a boosted decision tree (BDT) which makes it impossible to recast
without detailed information on the BDT. Moreover, the CMS search [76] is currently
only published for a low luminosity (£ = 35.9 fb™1).

Physics Letters B 834 (2022) 137465

The dominant backgrounds are Zyy and Z+ jets production,
where the jets fake photons. To estimate the size of these back-
grounds, we have generated u* ™y y production at NLO in QCD
using MadGraph. To account for the Z+ jets background, we have
multiplied the generated background distribution by a factor 1.7.
This factor is based on the Z+ jets production background con-
tribution in Zyy production [74], which is ~ 62% the size of the
signal. We conservatively assume a 25% systematic uncertainty on
the background prediction based on the uncertainty of Z+ jets
production background contribution; see Ref. [74].

The 95% CLs limits resulting from the my, distribution for
137 b are:

c 0.066/TeV* formg = 15GeV

< . (10)
fa0.083/TeV? for ms = 50GeV

In the bottom panel of Fig. 3, we show the limits on c’{‘/fa for dif-
ferent ALP masses and luminosities. The limits depend only very
weakly on the ALP mass m, as a result of three competing effects:
First, the Higgs branching ratio into ALPs decreases with m, due
to the phase-space suppression. Second, the signal acceptance in-
creases with my. And third, the background distribution is not flat
but peaks around 40 GeV; see the upper panel of Fig. 3.

3.3. Six muon final state

The ALP coupling CIZL induces a Higgs decay to six muons via the
h — aapp channel, where the ALP subsequently decays to muons.

Several ATLAS and CMS searches are sensitive to 6x final states.
However, as discussed in Sec. 2, even in background-free regions
testing O(1) 6’2‘ couplings for f; = 1TeV requires a signal accep-
tance of at least 10%. Analyses that require at least four muons are
either insensitive, as a result of the larger background contribu-
tions [77], or they require cuts on the lepton transverse momenta
and sufficient energy, which render their signal acceptance below
10% [71,78].

Analyses targeting a six-muon final state are currently focusing
on specific resonances producing di-muon pairs. Ref. [79] explores
the production of three Z bosons in final states with six leptons.
Since the leptons from Z boson decays typically have relatively
high transverse momenta, the analysis selects events in which the
scalar sum of the pr of all leptons is above 250 GeV, where only
about 2% of our signal events survive. Ref. [80] concentrates on six-
muon events ensuing from the production of three J/¥ mesons.
The cut on the invariant mass of each opposite-sign pair of muons,
my, €[2.9,3.3] GeV, reduces our signal to insignificant levels (for
the range of m, of interest). On the positive side, the search pro-
vides evidence that the high-level trigger, together with mild off-
line data requirements, can efficiently select multi-muon events
with muon transverse momenta as low as 6GeV. Our following
analysis relies on this fact.

We define our h — 6 signal region through the minimal cuts:

pf >5GeV, mg, €[110, 140]GeV. (11)

Potential backgrounds from low-mass J/¢¥ or Y resonances de-
caying to two muons are suppressed by the additional cut on the
six muon invariant mass. At /s = 13 TeV, the SM cross section
for 6u4 production (before requiring meg,, € [110, 140] GeV) is only
0.24 ab. Therefore, we can safely neglect the SM background for
LHC luminosities below 3ab™!.

We estimate the experimental efficiency of the 6 final state
based on the 4 analysis in Ref. [69]. We approximate the total
efficiency per lepton as 93% and exponentiate this with six. The
total deduced efficiency is 64%. To determine the ALP mass from
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Fig. 4. Top: my, distribution in the h — aapup — 6 analysis for different ALP
masses at £ =137 fb~'. Bottom: Upper 95% CLs limits on c’;/fu2 for different lu-
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Fig. 5. Feynman diagrams for pp — 4u2j involving a five-point interaction of two
quarks, two ALPs and the Higgs.

the 6 analysis, we assign opposite-sign lepton pairs such that the
difference Am = my, — m34 between the invariant mass of two of
these pairs is minimal, with mqy > m34. The resulting my, distribu-
tion for different ALP masses, which peaks at miy ~ mq, is shown
in the top panel of Fig. 4.

We use the mqy distribution to constrain cé‘/fa2 and find the
following 95% CLs limits at £ =137 fb™':

i 6.5/TeV? formg=10GeV

5 < ) . (12)
fé  320/Tev* formg =50GeV

In the bottom panel of Fig. 4, we show the limits on ¢} /f2 for
different ALP masses and luminosities. For high ALP masses, the
limits on cé‘ become very weak due to the significant phase-space
suppression. Since this channel is background free, the limits scale
with £71/2,

3.4. Four muon two jet final state

Finally, we consider a five-point interaction of two ALPs with
the Higgs boson and two quarks. The corresponding Wilson co-
efficient cg denotes a universal coupling to both up-type and
down-type second-generation quarks. Assuming that the ALPs de-
cay to muons, a non-zero cg coupling produces a 4u2j signature
at the LHC via two different channels shown in Fig. 5: First, the
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Fig. 6. Top: M%%SF distribution in the pp — haa — 4p42j analysis for backgrounds,
CMS data [77] and ALP signal for different masses (£ = 137 fb! ). Bottom: Upper
95% CLs limits on Cg/fﬂ2 at different luminosities. Observed limits are marked with
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an "X,

signature can result from a Higgs decaying into two ALPs and
two jets pp — h — 2a2j. And second, the coupling to second-
generation quarks on the production side induces the pp — haa
(with h — jj) channel. The Higgs decay channel h — aajj suf-
fers from a large phase-space suppression and is only open for
ALP masses m, < 36GeV when we require the two jets to have
transverse momenta greater than 25GeV. Since the h and haa
production channels do not interfere, we can distinguish their re-
spective cross sections and find that the haa cross section is 250
(24x10%) times larger than the h channel cross section for an
ALP with mass my; = 15GeV (m,; = 30GeV). Focusing on the Higgs
decay region only, for instance by cutting on the invariant mass
of the 4-muon-2-jets system would thus significantly weaken the
limits on cg / faz. Here, we investigate a generic 4u2j ALP signa-
ture and present an analysis focusing on Higgs decays only in
Appendix A.

The CMS search for beyond the SM phenomena in multi-lepton
final states [77] provides a signal region with good sensitivity to
our signal process.®> Since the Higgs boson predominantly decays
to bottom quarks, the final-state jets in our haa analysis are likely
to be b jets. Therefore, we can recast the 4L(uu) 1B signal region
of the CMS search, which requires four leptons and at least one
b-tagged jet. To suppress the ZZ+ jets background, the invariant
mass of OSSF lepton pairs must not be within 15GeV of the Z bo-
son mass:

3 Most experimental searches testing exotic signals in 4,42 final states are insen-
sitive to our signal since they apply relatively strong cuts on the lepton transverse
momenta or on their effective mass [71,78]. The CMS search for pseudo-scalars de-
caying to a Z boson and a Higgs, in events with four leptons and two jets [81] is
insensitive to our ALP signal since it requires at least one electron.
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Fig. 7. Two-loop contributions to the anomalous magnetic moment of the muon and
their effective one-loop contribution after integrating out the Higgs boson.

N¢>4, Nosss>1, p§>10GeV,
1©| 22425, ph - 26(35)GeV,
(7™ (2.5), p7 (35)
Img+- —mz| <15GeV, M22sp(iup) € [12, 77]GeV, (13)
p} >30GeV, |n/l<21, Np=>1,

AR, €j/j) > 0.4, my sp>12GeV.

The variable M2%.. denotes the invariant mass of the two OSSF
leptons with an invariant mass closest to the target mass of
20GeV. Since the same target mass of 20GeV is applied for the
pairing of the OSSF leptons, high-mass ALPs can contribute to more
than one bin of the MégsF distribution when leptons from different
ALP decays are paired. We show the distribution of MOSSF for the
SM backgrounds and different mass ALP signals in the top panel
of Fig. 6. The background, which is dominated by ttZ and ZZ pro-
duction, is directly taken from the HepData [82] entry for Fig. 10e
of Ref. [77]. We use the same reference for the systematic uncer-
tainty on the background distribution, which is approximately 25%
in each bin. We have estimated the detector efficiency to be 64%,
analogous to the 6 final state. To ensure that the EFT description
is valid, we require the invariant mass of all selected muons and
jets to be smaller than 1TeV.

In Fig. 6, we present the limits on cg/fa2 as a function of the
ALP mass for different luminosities. The limits for low m, are
weaker as a result of the decreased signal acceptance, in partic-
ular for the muon transverse momentum cuts. At £ = 137 fb~!
luminosity the observed (expected) 95% CLs limits are:

¢l 1.8(1.8)/TeV> forms=15GeV

2 < 5 : (14)
f&  0.5(0.5)/TeV*  for mg =50 GeV

4. Muon anomalous magnetic moment

Measurements of the anomalous magnetic moment of the
muon a,, indicate a difference between its experimental value and
its SM prediction. The most recent experimental average of the re-
sults by the BNL E821 and FNAL collaborations finds a discrepancy
of Aay® =ap® —aM = (251 +59) x 107" [83].

Following Ref. [84], this discrepancy could be explained if the
Wilson coefficient of the dipole operator

Ouy = malw,U«RA;w

fulfils ¢, ~2 x 1079 GeV~! at low energies, E ~ GeV.

Several works focus on the explanation of the muon g —
2 anomaly by loop effects of (scalar or pseudo-scalar) axions with
couplings to photons and muons* [17,18,36,85-89]. While these
couplings exist in the model considered here, we do not obtain
new bounds on cqa and cqy. Therefore, we not obtain new con-
straints on previous explanations of the muon anomalous magnetic
moment. However, within our framework, there exist additional
two-loop contributions to the muon g — 2 from the two diagrams
shown in Fig. 7. Both diagrams can be matched to a one-loop dia-
gram including an effective four-muon interaction after integrating

4 The contribution from diagrams with only axion-muon couplings has the wrong
sign to explain the experimental deviation from the SM prediction.
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Fig. 8. One-loop h — a contribution resulting in an effective four-muon coupling.

out the Higgs boson. Therefore, we can estimate the dominant
(large-logarithmic) contribution to C,, from its running induced
by the four-fermion term

O = (T (TRL).

An explicit computation of the loop involving h and q, see Fig. 8, in
the MS scheme to zero external momentum and taking mp > mg
gives:

. . i .
iMioop = 12(C /fa)? / @)D k2 k2 x four-fermion

i/ f)?
1672
with D =4 — 2¢. We use “four-fermion” to label the product of
external spinors. We can match this to tree-level contribution in-
duced by the operator Oy, :

x four-fermion, (15)

iMiree = 2¢4y, x four-fermion. (16)

Thus, at energies E <« my, the effects of the loop in Fig. 8 can be
captured by the effective operator Oy4, whose Wilson coefficient is
Cap = ((:1 /f2)?2/(32m?). We have cross checked the matching using
Matchmakereft [90]. The operator Oy, mixes into Oy, at one
loop; see Ref. [91] for the corresponding anomalous dimensions.
At energies E ~my, we have:

emy(cy'/fa)* m _
cw~%logﬁ~1o S(ch/ fa)? GeV, (17)
with e = «/4mw . Thus, the two-loop contributions in Fig. 7 have
the correct sign to potentially explain the anomalous Aa, with
a value of cj M/ fa~11/(1 TeV). This is well within the reach of
our suggested analyses and with the available 137 fb~' data we
can already rule out that cﬁ‘ alone could explain the observed dis-
crepancy in Aa,. Obviously, other operators could also indirectly
contribute to Aay. Precisely because of this, direct searches like
the ones we propose, are necessary and complementary.

5. Conclusions

This paper investigates search strategies for a light pseudo-
scalar particle in the m, € [10, 50] GeV range coupling to the Higgs
boson and fermions. These interactions induce rare new decays of
the Higgs boson. We have focused on second-generation leptons
and have considered the possibility that the pseudo-scalar decays
into two muons or two photons.

The expected upper limits on the effective four-point interac-
tions at 3 alb_1 luminosity and assuming f; = 1TeV are of the
order of c1 < 0.01 for the h — 4u analysis and c“ <0.03 for
the h — 2,u2y analysis. Couplings inducing a five- partlcle inter-
action are less constrained and have a stronger mass dependence.
We find CIZL <1 —80 for the h - 6u channel and cg <25-6.0
for the h — 4u2j channel (see the Appendix A for this later one),
depending on the ALP mass. In terms of Higgs branching ratios
these numbers correspond to 1.3 x 1072, 2.0 x 107%, 3.0 x 10~°
and 5.4 x 1072 respectively.
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For hgqaa couplings, it turns out that despite the PDF suppres-
sion, the channel pp — aah is by far more constraining than the
Higgs decay pp — h — qqaa. Using the pp — aah — 42 j channel,
the upper limits on cJ can be reduced to ¢} <0.2—1 at 3 ab™"
luminosity and assuming f, = 1TeV.

There are four channels involving contact interactions of the
Higgs with two fermions and ALPs with ALP decays to muons and

photons which we did not consider here:

h—aqq, a— pup (2u2j) or pp — ha — bEu//,,
h—aqq,a— yy (2y2j) or pp - ha— bbyy,

h—aapp, a—yy (4y2u), _
h — aaqq, a — yy (4y2q) or pp — haa — bb + 4y .

We have neglected these channels due to the poorer reconstruction
efficiency of low-energy photons compared to muons and the ex-
tensive backgrounds for events with two muons/photons and jets.

Dedicated searches for events with two leptons and more than
two photons currently do not exist. The most promising search for
a 24y signature would thus still be the Zyy search in Ref. [74],
which already proved to have too stringent requirements on the
photons for the 22y signature studied in Sec. 3.2.
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Appendix A. Four muon and two jet final state in Higgs decays

For completeness, we present an analysis for Higgs decays to
two ALPs and two jets induced by a non-zero cg. We select the
Higgs decay region by requiring that the invariant mass of the four
muons and two jets is within 25GeV of the Higgs mass. While
this selection ensures a better validity of the EFT approach, it also
significantly decreases the signal cross section as discussed in Sec-
tion 3.4.

As our signal is characterized by two resonant a — pu decays,
we assign the two opposite-sign muon pairs such that the differ-
ence between their invariant mass, (imqy — msg)/(Mq2 + Mmsy), is
minimal and require Am = |my; — m34| < 4GeV. The total signal
selection is

Ny >4, Nosss>2, pr>5GeV, my,>12GeV,
pl>25Gev, |p/|<45, Nj>2
[my+,- —mz| <15GeV, Am=|mqz —m3s| < 4GeV
myy2j € [100, 150]GeV.
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Fig. 9. Top: Invariant mass distribution of the heavier opposite-sign muon pair mi2
in the h — aajj analysis at £ =137 fb~!. Bottom: Upper 95% CLs limits on cg/fuz,

The dominant backgrounds from ZZ +jets, Z — 2 production,
Z + jets, Z — 4 production and h + jets, h — 4 production are
significantly suppressed by the cuts on mg4,3; and Am. After the
selection cuts we expect less than one background event at the
HL-LHC and we therefore consider our signal region as background
free.

To set limits we use the invariant mass pair of the heavier
opposite-sign muon pair myy; see the upper panel of Fig. 9. We
find the following upper CLs limits on C%/fa2 at £=137 b1

¢l 12/TeV* forms=15GeV
- < 5 . (A.2)
f&  27/Tev® formg =50GeV

In the bottom panel of Fig. 9, we present the 95% CLs limits on
cg/ fa2 at different ALP masses and luminosities. Comparing these
limits to those shown in Fig. 6 for a generic 442 j signature anal-
ysis, we find that the limits obtained by focusing on Higgs decays
only are worse by a factor 6 — 40 depending on the ALP mass.
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