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* ALPs appear as pseudo Goldstone bosons in many SM extensions with a
spontaneous breaking of an approximate global symmetry at scale f,

* they naturally arise in a broad class of UV completions, e.g. string
compactifications, composite Higgs models

* In contrast to the axions, their mass and couplings are free parameters!

* ALPs inherit the approximate shift symmetry a — a + ¢, their couplings
are momentum dependent, distinct scaling with \/§

« ALP associated with a heavy new scale f, > v = EFT approach



* Asin SMEFT, start from a linear realisation of EW symmetry, i.e. with a Higgs

doublet H
L=Lsy+ L,

 Expand in powers of a/f,, NLO has one insertion
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 The couplings to fermions are proportional to the fermion mass (using EOM)

Singles out the top quark . mia g
= g Pg LD —icy 2;0 (t7°t)

* Multiboson final states are rare within the SM and sensitive to new physics.
The structure of ALP-gauge couplings leads to irreducible contact
interactions that directly generate multiboson vertices




ALPs can be searched for at colliders in a large mass range, using both
resonant signatures and non-resonant production of light ALPs

Previous works have focused on individual ALP signatures at the LHC, e.qg.
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A comprehensive treatment of ALP-mediated multiboson production g %z

with independent couplings and combing different channels is missing

= A global analysis is essential, only combining complementary
observables can disentangle the underlying parameter space
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Axion-Top coupling constraints
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Vertex Feynman rule (linear ALP EFT)
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Assume ALP couplings at
leading order exclusively to the
gauge sector, no couplings to
fermions or Higgs portals

2-boson vertices currently
provide the strongest
sensitivity. They probe different
combinations of the WCs.

Channels with 3 gauge bosons
are not yet competitive, but will
gain relevance with the
increase of luminosity



- Resonant searches: search for a narrow peak around the ALP mass in the invariant mass
distribution, relies heavily on kinematic cuts around the ALP mass m,

- Here: The ALP is exchanged off-shell, it enters as a virtual mediator and modifies the tails
of the SM distribution

= Probe light ALPs that would otherwise evade conventional resonance searches due to

selection cuts

(b) Off-shell ALP exchange in the s-channel
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(a) SM continuum (no ALP resonance)
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leads to boosted gauge boson final
0 States, the sensitivity depends primatrily
G(ViVa — VaVi) o i| Ma|? (cvav ZV3V4) s on the effective couplings and not on

5 fa the ALP mass.

The growth with § is a generic feature of ALP-mediated processes and reflects the
derivative nature of the couplings

The sensitivity of the LHC measurements is driven by high-energy tails of the kinematic
distribution, distinct scaling than the SM background



final state experiment | /s (TeV) | luminosity observables reference and data
0% CMS 7 5fb~1 doy./dm.,. [28] HepData
ATLAS 13 139fb~! A0~y [ dMy [29] Analysis HepData Rivet
ZZ CMS 13 137 b1 do/mzz, do/pk [30] Analysis HepData
ATLAS 13.6 29 fb~1 do/dmy [31] HepData
WHWw- CMS 13 34.8fb~1 total cross section [32] HepData
ATLAS 13 36.1fb—1! doww /dme, [33] HepData Rivet
dijet (gg) ATLAS 13 3.2fb~1 d%cj;/dm;jdy* [34] HepData Rivet
CMS 13 2.3fb~1 d?o;/dm;edpr [35] HepData Rivet
CMS 13 2.6fb~! 1/od?0;;/dxdm,; [36] HepData Rivet
CMS 13 35.9fb~1 1/od?0;;/dxdm;; [37] HepData
vZjj (VBF) CMS 13 139fb~1 | do/dpk, do/dp*®!, do/petd | d?o/dy;;dm; | [38] HepData
ZZjj,W*T*W~—35 (VBF) | ATLAS 13 140 fb—1 Events/ 200 GeV in myy bins [39] Additional material

Analysis strategy:

- generate signal events in MadGraph5_aM@NLO at LO, using NNPDF4.0, 4-flavour scheme and
ALP_linear_UFO [Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz '17]

set m_, = 1 MeV (signal roughly independent of m, as long as m, < \/5)

C~

. set f =1 TeV. We are only sensitive to ratios —X, quote limits for f, = 1 TeV, can be easily rescaled

a
follow fiducial cuts and binning as given by in the ATLAS/CMS analysis
focus on pure quadratic signal contribution and no interference with the SM


https://arxiv.org/abs/1701.05379
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Generate events for a benchmark
ce=1l,cy=1,c5=0),

the distribution for any other choices can be
obtained from the Feynman rules:

2 2
N;h:NZ-BG—l-N?LP(Cé:l, CVV:L CBZO) C—G ga’y;

This holds as long as there is no interference with
the SM. For diboson final states it is tiny because

gg — V'V has no tree-level SM contribution

, Ndata _ b\ ? | calculate y? for each
X =2 ( o, ) channel, only diagonal
‘ uncertainties provided

Binned analysis in m,,,

data and background from ATLAS [2107.09330]
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ALP signal modifies the
high-mass tail
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Analyses for ZZ and WW very similar!


https://arxiv.org/abs/2107.09330

d*c
ATLAS provides double differential dijet cross section , half-rapidity separation y* = — |yj1 - Y, |

v
may [1711.02692]

g g ~ | .
B depends only on cg ! gg in mj; for R1 (() < Yk < (),5)
B 5 _ 4
CG CG Nzth _ NiBG + (;_G) N,L-ALP(C(; — 1)
g g i

Split in 6 regions of y* (136 bins in total)
Background from NNLOJET code [NNLOJET collaboration *25]
Utilise the full experimental covariance matrix

° data

2 _ Ndata L Nth T E—l Ndata . Nth : B NP signal + BG
X ( ) ( ) = BN SM background

v e 3 g e 500 1000 1500 2000
10 M [GGV]
Ay? — full covariance Ignoring the correlations even
— diagonal uncertainties prefers a non-zero ¢z !
= shows the importance of the
covariance!
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CMS measurement of pp — Zyjj, Z — 11~
All other channels so far depend on ¢, VBF enables us

do
to constrain couplings in (cW, Cg) independently of ¢ Best distribution W [2106.11082]
T
o o . ’y
Z~jj in pr
0.081 e data
B NP signal + BG
~ " 0.06 B SM background

Fit the cross section

4.m+n<4
. 2\ m .n ' 100 200 300 400
m,n=0 Pr

Similar for VBF channels pp — ZZjj and pp = WTW7jj,
they probe different combinations of (CW, CB)


https://arxiv.org/abs/2106.11082
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Dijet channel dominates the sensitivity to ALP couplings and determines the
limits on ¢z, diboson and VBF give complementary constraints on (CW, Cg).

VBF is crucial to access the parameter space near ¢z = 0.



Projected/individual:

along one axis while

setting the other

Profiled:
slicing the 3D likelihood  minimise y* wrt the

other two coefficients,
limits from effective 1D

Marginalised:
extremal values of
each coefficient on

the 1o/ 20 surface

coefficients to zero likelihood of the 3D fit
Projected Profiled 3D marginalised
lo 20 lo 20 lo 20
0.40 | 0.44 |} 0.35 | 0.41 | 0.46 0.48
1.77 | 1.89 || 1.60 | 1.78 [ 1.92 2.00
1.07 | 1.16 || 0.85 | 1.09 || 1.26 1.33

To be read: We exclude values of ¢y above the given limit at 16/20.
Profiled limits are the strongest.

f,=1TeV



- Linear ALP EFT offers a model-independent formulation of ALP couplings to the
SM

- Multiboson final states can be produce through momentum-dependent dim-5
contact operators

« We combined Run 2 LHC measurements of yy, ZZ, WW, dijet (gg), and VBF final
states and performed a global analysis in (c(;, Cyirs CE)

« The highest sensitivity comes form dijet measurements, the other channels are
crucial to constrain the electroweak couplings

- The analysis would profit from a fuller use of the unfolded covariance matrix
(currently only provided for dijet)

- High-luminosity measurements are expected to improve the constraints,
WW/ZZ measurements and additional electroweak channels (Zy, Wy, yy+jet,

3 bosons, ...) will sharpen especially the (CW, c,;) constraints
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* Strong CP problem: QCD allows for theta term, % ~a Aa,uv
9 Lo=0_—"G"G
why is it so small? 8

- Introduce global U(1)p,, Peccei-Quinn symmetry that o fo+p ia

is spontaneously broken at scale f, V2
the axions is the associated NG boson

* At the classical level, the axion potential is completely
degenerate and the axion massless

* At the quantum level, sectors with different topological V(a) = x [1 — cOS (é + 3)]
charges give rise to an axion potential

 The axion mass m, and the axion couplings to SM m; = %
particles are fixed by f, and QCD ’
x = my, My m2 2




d’c
ATLAS provides double differential dijet cross section , half-rapidity separation y* = — |yj1 - Y, |

v
may [1711.02692]
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Split in 6 regions of y* (136 bins in total)
Background from NNLOJET code [NNLOJET collaboration *25]
Utilise the full experimental covariance matrix

o data
2 __ data _ arth\Z1 s—1 data _ arth : B NP signal + BG
X = (N N ) 2 (N N ) = BN SM background
A2 . 500 1000 1500 2000
- from gg in m;; and y=
T mj; [CeV]

Include PDF uncertainties as main theory
uncertainty.

=== full covariance

=== diagonal uncertainties
— full covariance with PDF uncertainties 1910ring the correlations even prefers a non-

zero c¢ , Shows importance of covariance!

Limits with PDF uncertainties are slightly
stronger due to negative interference.

G


https://arxiv.org/abs/2503.22804
https://arxiv.org/abs/1711.02692
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NDA estimate: EFT valid if the relevant hard scale \/§ <

4rf

a

max | ¢; |

= EFT indicative consistency window: |c;| =

Smax

diboson (1/$,.x ~ 1.5 TeV): |[¢;| ~ 8.4
VBF (\/Sax ~ 1 TeV): c;| = 12.6
dijets (/5 ,0x ~ 8 TeV): c;| ~ 1.6

Our 95% CL bounds lie well within this NDA range.
We checked that the limits are robust under truncating the bins for which \/§ > 1.



WHW ™~ in mww
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For a pure quadratic ALP signal we know the scaling
of the signal events with the WCs.

2 2
N N NP1 =) (2 ()

Including interference effects, this analytic
traceability is lost.

For di-boson (yy, ZZ, WW), no interference arises at
partonic level and the total interference is small.

oM, = 76.74pb, ohny =181.13pb, o, = —0.02pb

Additional problem for dijet: Large NLO QCD effects
are included in the NNLOJET background, but hard
to simulate in MadGraph

= Unreliable background estimation dominates )(2
The dijet signal depends quartically on cg

4
N{* = NPS + (;—G) NAYP (cq =1)

= The interference in this channel is always positive
Our bounds can be seen as a conservative upper bound



U(1)y thatis spontaneously broken at f, pr |
vector-like fermions with charge q)‘? under U(1)y and o "
representations RT, R;P and Yy under the SM.
In the UV theory, the ALP couples to the U(1), current. Lo T
o P2
LD J Jy = \7aa\/}
f a ZI,: Ix =7 Idea: create mixed anomalies with

SM gauge groups and U(1)y

The U(1)y current is anomalous with the SM gauge groups
NB: The scenario with only cz # 0 should
2 y rather be seen as a benchmark than the most
3;“7;( = Z Lg? 2 qX (Rs ) Ga G+ general EFT. In a realistic model, ALP-fermion
and ALP-Higgs couplings are present and
generated, e.g. through RGE running, and
contribute at low energies.
However, they are not quantitatively important
in multiboson processes at the LHC

2 12
g T Y/t pv g
+ ]_67'('2 2 qX (R2 ) W,LLVW + 167‘(’2

2q% V2 B,WB“”]

Integrating out the VLFs yields the correct structure

L a 2 .A Ga Ga/u/ 2 ) Wip,y 9’2
Wz =g 167r 1677 v T 16n2

A nguu] JAx =2 qx Iy,
v

L~ A\

Assuming the SM fields neutral under U(1)y avoids ALP-fermion and ALP-Higgs couplings
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ALP-top coupling natural for example in models with partial compositeness:

* see-saw Composite Higgs: Higgs
doublets mix pGB from both symmetry
breakings

* ALPs are pGB associated with heavy

SO(5) = SO(4) scale f, ~ Ag_ 5
¢ . « EWSB involves new fermionic
composites, the top partners T with

my ~ Ng_5

e T couples to a via

dﬂa _
g D - CT (T}/MT)
A6—>5
* T mixes with top quarks through mass
A2 mixing —AfpT+ h.c.

— induces an ALP top coupling ¢, « Cr—
mr
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signal process: tf + a production with leptonic top decay

assume ALP collider stable, escapes the detector as
missing transverse energy (MET)

Reinterpret a Run Il ATLAS SUSY search for top
squarks in events with 2 leptons, 2 b-jets and MET at

Vs =13TeV, Z = 139 fo~! [2102.134929)]

SUSY benchmark: pair production of stops with prompt
decay into top quarks and neutralinos

same final state topology of 2/ + 2j + MET

U SM
with MET =<2 v+a ALP
v+ 70 SUSY

use ALP EFT UFO file and MadGraph5 to generate events



https://arxiv.org/abs/2102.01444
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ATLAS data compared to SM+ALP signal
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dmn

L X

20 A

10 A

0 -

ATLAS data

SM + ALP, ¢;=0.5
SM + ALP, ¢;=1.0
SM + ALP, ¢;=2.0

—

100

260
m [GeV]

220 240 260 280

B
1

o

——

Ratio to data
N

100

200
m> [GeV]

220 240 260 280
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compare ALP signal + SM background
for different ¢, to data

MadGraph and SM background
uncertainties negligible compared to
experimental uncertainties

tta vertex proportional to ¢,/f,, , global

2
factor (Ct/ fa) in the signal events

Assume a Poisson likelihood

Nyipy €XD (— ((f—t)z sp + bk))) ((f—t)2 sk + bk)

ng

ng!
k=1 k

« use the profile likelihood ratio to obtain

limits on ¢,

— | > 550 GeV at 95% CL
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A. ALP mediated ¢f production:

NS i _
? t light off-shell ALP contributing non-resonantly to gg — a — f1t,
a
" e calculate at tree-level with effective coupling ccfg, =——¢
111111111 1 87
t
T : & > 103.1 GeV at 95% CL
1. CMS: m; distribution in the lepton + jets channel, Run-Il data ¢ '
[2108.02803]
2. ATLAS: p; spectrum of the boosted hadronically decaying top-quark f
a
2202.12134] Z > 169.5 GeV at 95% CL
B. ALP mediated diboson production
JRCLULLLLLULLY NG . 1%
t Non-resonant searches with ALP as off-shell
A P-------- Yt
@ mediator of a 2—2 scattering process
I 1111111111 t v

VV | lower limit on i—‘t‘

Constraints on gy, through gg — V'V diboson production, 77 | 3.5 GoV

data from CMS search at \/E = 13 TeV [Gavela. No. Sanz, Trocéniz. 2019 7; ??8 gcx
v 0 Ge
[Carra et al., 2021]
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CMS data compared to SM+ALP signal
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CMS: |—| > 103.1 GeV at 95% CL,

low m,; bins and ALP-SM interference dominate
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ATLAS data compared to SM+ALP signal
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ATLAS: |—| > 169.5 GeV at 95% CL,
C

high p, bins and pure ALP dominate
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ALPs: current collider constrains for different choices of |¢|

D_irect limit
(ATLAS tta search)

Indirect limit
(ATLAS tt, pr distribution)

_ Indirect limit 2900 116280
(CMS tt, my distribution) |

Loop-induced limit
from g5y, in [1905.12953]

Loop-induced limit
from gz, in [2106.10085]

Loop-induced limit
from g,z- in [1905.12953]

from 9,77z in [2111.13669]

=1
mTT3 ¢ =(4m)?

10,000 100,000

red dashed lines: EFT validity limits



