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Axion-Like Particles for BSM physics

BSM phenomena to be explained

Dark matter.

Dark energy.
Matter-antimatter asymmetry.
Neutrino masses.
...

ALPs are strong candidates for SM extensions:

Introduced for solving the strong CP problem (?).
ALPs appear in scenarios of global symmetry breaking in new
confining sectors (pNGB).
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Linear vs. chiral ALP: linear (SMEFT-like) 1701.05379

Linear ALP theory (expansion in terms of the inverse of the ALP
scale fa). Dimension-five interactions with the SM gauge fields,

L ⊃ − a

fa

(
cB̃BµνB̃

µν + cW̃W a
µνW̃

a,µν + cG̃G
a
µνG̃

a,µν
)

.

Coupling to the Higgs doublet, H,

OaH = i
(
H†←→D µH

) ∂µa

fa
,

which leads to fermionic couplings proportional to the Yukawas,

OaΨ = i
a

fa
(Q̄LYUH̃uR + . . .) + h.c .
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Linear vs. chiral ALP: chiral (HEFT-like) 1701.05379

We find 17 possibilities for coupling the ALP to SM fields,

Lchiral =
∑

i=B̃,W̃ ,G̃

ci Oi +
17∑
j=1

cj Oj ,

where each of the operators O1 - O17 is proportional to a Higgs
flare function (see J. Martinez-Martín’s talk) such as

Fi (h) = 1 + ai
h

v
+ bi

(
h

v

)2

+ . . . ,

New couplings: c2D , which induces Zµ∂µa.

Other relevant operators: such as the operator c17 which
accompanies 1

fa Vµ∂
µ□a.
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CP conserving ALP interactions

ALPs are pseudoscalar particles (0−).

h

h

•a = 0

⇒Need for an extra γ or Z boson.
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CP conserving ALP interactions

h

h

•

Aµ

a

1
2πv2fa

(
b̃3cW + b̃10sW

)
(pµγp

2
a − p2

γp
µ
a )

on shell
= 0

This is due to CP conservation ⇒
0− −→ 0− which needs longitudinal polarization of outgoing

vector boson.
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Process of this analysis

h

h

••

Z

a

g

g

Figure 1: Feynman diagram for di-Higgs production with an associated
Z-boson via a non-resonant ALP.
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ALP from gg fusion

• a

gµ

gν

−4i
fa
cG̃ pg1αpg2β ε

µναβ
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Di-Higgs from ALP

h

h

•

Zµ

a

g

4π2cW v2fa

[
pµhh(p

2
a b̃11 + pa · phhb̃14) + pµa (p

2
hhb̃13 + pa· phhb̃12)

+ 2ã16(p
µ
h1pa · ph2 + pµh2pa · ph1) + 4ã15p

µ
a ph1 · ph2

− pµa (16π2v2b̃2D − b̃17p
2
a) + 2πs2W b̃310(p

2
Zp

µ
a − pµZpa · pZ )/e

]

Many structures! We choose 3 relevant Benchmarks.
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Benchmarks of this analysis

Benchmark 1: b̃3,10−17 = ã15,16 = b̃2D = 1 ,

Benchmark 2: b̃2D = 1, all others set to zero,
Benchmark 3: b̃17 = 1, all others set to zero.
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ATLAS analysis: 2310.12301

Up to date there is no search with HHZ final state.

We can use ATLAS analysis when the Z remains invisible.

pp → hh + X → b b̄ γ γ + X ,

We take the ALP-mediated production of two Higgses in this final
state bb̄γγ plus a Z boson decaying to neutrinos or jets.

ATLAS does not place explicit vetoes on missing energy, and the
veto on additional jets is quite lax.
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Limits from ATLAS data

h

h

••

Z

a

g

g

We will denote the combination of gluon and electroweak bosons
with the letter c , namely

c ≡ cG̃ c3B ,

The partonic cross section scales as

σ̂(gg → a→ h h Z ) ∝ ŝ3
c2
G̃
c2
3B

v4f 4
a

.
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Limits from ATLAS data

We now compare the total number of measured events (nobs) to
the background estimate provided by ATLAS nBG, and our signal
prediction ns, which depends on the combination c/f 2

a .

We perform
a χ2 test

χ2
(

c

f 2
a

)
=

(
nobs − nBG − ns(c/f

2
a )

∆BG

)2

,

where ∆BG denotes the quadratic sum of the background
uncertainties as provided by ATLAS.
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Limits from ATLAS data

0 1 2 3 4 5 6
0

2

4

6

8

10

c

fa
2
(TeV-2)

Δχ2

ATLAS data

Figure 2: Dependence of ∆χ2 on c/f 2
a . Benchmark 1 (blue line),

Benchmark 2 (orange line) and Benchmark 3 (green line).

The limits corresponding to 2 standard deviations translate into

fa > (0.53, 0.59, 0.48)×
√
c TeV

for Benchmark 1, Benchmark 2 and Benchmark 3, respectively.
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ALP-mediated di-Higgs differential distributions

ATLAS analysis has differential distributions normalized to one and
focused on regions defined by BDT classifiers, leaving insufficient
details for comparing our signal events with the observed data.
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Differential Distributions
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Products of ALPs are highly collimated! (contrary to SM signal).
Accessing the ATLAS distributions would greatly improve the
analysis.

In contrast to the EFT case (κ2V modifier) analyzed by ATLAS,
the ALP-mediated signal does not exhibit interference with the SM
di-Higgs production.
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Dedicated search

h b̄

b̄

b

b

l−

l+

h

Z

•• a

g

g

Need to estimate SM background with the relevant cuts.
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Differential Distributions

0 1 2 3 4 5
∆Rlead

bb

0.00

0.25

0.50

0.75

1.00

1.25

1.50
No

rm
al

ize
d

di
st

rib
ut

io
ns

/0
.2

5

∆Rlead
bb

Benchmark 1
Benchmark 2
Benchmark 3

Highly collimated bs from the leading Higgs,
⇒ non isolation of b jets in many cases (fat jets).
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SM Background of gg → hhZ → Z + 4b jets

Removing the isolation condition, the cross section would increase
to 7 fb.

However, the merging of b-jets would result in a different
final state topology.

In 1303.6636 the authors propose a tagging algorithm for two
Higgses into b-jets which could go from the fully resolved 4 b final
state, to intermediate fat jet + 2 b-jets situation, and reaching the
two fat jet case (around 50% efficiency across all channels).

Mistagging quarks is heavily suppressed.

Finally, applying an additional cut on HT > 500 GeV brings the
cross section from 4 to around 2 fb.
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Sensitivity estimate

We can assess the potential sensitivity of a dedicated analysis using
Run 2 LHC data.

The typical cross section of the signal is

σ(pp → hhZ )ALP ≃
(

c

f 2
a (TeV)

)2

(230− 530) fb .

Comparing (Signal S vs Background B) this with the 2 fb cross
section from the SM,

S√
B
≃ σALP Br(h→ bb̄)2

√
Br(Z → 2ℓ)√

σSM
ϵ2b
√
L ,

which produces a (S/
√
B = 2, 95% C.L) limit on the size of of

ALP-mediated contribution

fa ≳ 2.4-3.0×
√
c TeV

which much more sensitive.
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Comparing to linear theory
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Comparing to linear theory: top loops

g

g

h

Z

h

a
t

t

t

t

t

t

t

L = −i ct
mta

fa
(t̄γ5t)

Using Naive Dimensional Analysis (NDA) we can interpret the
results from the last section in terms of loop contributions as

c

f 2
a

≃ αs

8πcW

c2
t

f 2
a

.
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Bounds on top-axion couplings

10−2 10−1 100 101 102 103 104

ma [GeV]

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

|c t
/

f a
|[

G
eV
−

1 ]

This work

Axion-Top coupling constraints
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Conclusions

Di-Higgs production from ALPs needs an extra vector boson.

Sensitivity would increase if ATLAS or CMS data and DD is
made accessible.

A dedicated search (f.e. HHZ ) can place very strong limits on
ALP couplings to Higgses.

Results can be translated to the linear-ALP theory, placing
competitive bounds.
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