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Axion-Like Particles
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● Axion-Like Particles (or ALPs) are neutral pseudo scalar pseudo Goldston Bosons

● Effective Field Theory (EFT) consistent with SM gauge and CP symmetries

● Either shift-invariant and/or anomalous couplings interactions

● ALP interactions with SM particles have a derivative character: they grow with momentum

● a
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Axion-Like Particles
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● Classical searches: ALP couplings to gluons and photons

● ALP couplings to EWK bosons: 𝑊𝑊, 𝑍𝑍, and 𝑍𝛾

● Depend on 2 parameters

● ALP-gauge interacHons at ATLAS and CMS: 
● Mono-X
● Resonant
● New idea: nonresonant ALP searches
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𝜃: Weinberg angle

Imposed by gauge invariance

𝑓𝑎 : New physics scale
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𝜃: Weinberg angle

Imposed by gauge invariance

𝑓𝑎 : New physics scale
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● Vector Boson ScaLering (VBS)

● Nonresonant ALP searches proposed by M.B. Gavela, 
J.M. No, V. Sanz and J.F. de Trocóniz [1905.12953] 

● ALP as a very off-shell mediator
● a

● Signals independent of ALP mass and width
up to ma ≲ 100 GeV

● Harder scaling with &𝒔 = 𝑴𝑽𝑽
𝟐

● Limits on ALP couplings to vector boson
independently of the gluon coupling
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A Novel Approach: 
Nonresonant ALPs in VBS
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2 parameters
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2 parameters

Why VBS?

4

NONRESONANT REGION

RESONANT
REGION

𝑠̂ = 𝑀$$
%

● Vector Boson Scattering (VBS)

● Nonresonant ALP searches proposed by M.B. Gavela, 
J.M. No, V. Sanz and J.F. de Trocóniz [1905.12953] 

● ALP as a very off-shell mediator
● a

● Signals independent of ALP mass and width
up to ma ≲ 100 GeV

● Harder scaling with &𝒔 = 𝑴𝑽𝑽
𝟐

● Limits on ALP couplings to vector boson
independently of the gluon coupling



● a
DerivaHve nature of ALP interacHons: 
deviaQons in the tail of the diboson
mass with respect to the SM
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Wide 
rapidity separaQon

Large
dijet mass

Diboson Mass

SM EWK VBS

ALP EWK VBS
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A Novel Approach: 
Nonresonant ALPs in VBS



ALP Diboson Mass in CMS Leptonic Analyses
● ATLAS/CMS Run 2 measurements: first comparison to data, calibration of simulation tools and 

calculation of educated predictions for higher luminosities.

● Reinterpretation of five CMS VBS analyses with lepton/photon final states:

● Look at high energy deviaQons in the tail of the transverse momentum/mass spectra

● SelecHons cuts, data and backgrounds in the CMS papers

● GeneraQon of ALP VBS: MadGraph_aMC@NLO + Pythia8 + Delphes3

● Calibrate our Delphes detector simulaQon using the SM EWK channel
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● Z𝛾: CMS-SMP-20-016
● W𝛾: CMS-SMP-19-008

● ZZ: CMS-SMP-20-01
● W± W± and WZ: CMS-SMP-19-012
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ALP Diboson Mass in CMS Leptonic Analyses
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𝒈𝒂𝛾𝒁 = 𝟎 𝒈𝒂𝛾𝛾 = 𝟎
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Results
● Maximum likelihood fit of signal and background to the diboson invariant/transverse 

masses

● No excess found with respect to SM expectations

● Current limits with CMS Run 2 data and projected limits at Run 3 and HL-LHC in the
ALP (𝑐 (), 𝑐 *+) parameter space

● Expected diff. cross-sections are parameterized in the (𝑐 (), 𝑐 *+) plane with quartic / 
quadratic polynomials for pure signal / interference ALP components.
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Results
CURRENT LIMITS
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(for fa > 4 TeV and Ma < 100 GeV)
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5σ Discovery Limits:

L = 3000 fb-1 Expected
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Results: comparison to exis=ng bounds
● Limits are very compeQQve and probe previously unexplored regions of the param. space
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Conclusions
● Access to EWK couplings independently of the gluons

● Current limits (CMS Run 2 data) and projected limits (Run 3 and HL-LHC)

● Limits independent of the ALP mass and decay width (ma ≲ 100 GeV)

● Limits are very competitive and probe previously unexplored regions of the param. space

● Great opportunity for dedicated ALP searches at Run 3 and HL-LHC

11

J. High Energ. Phys. 2022, 113 (2022)
ArXiv: 2202.03450 
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Thank you!
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Lagrangian and physical couplings
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(Unitary gauge)

EWSB
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● M.B. Gavela, J.M. No, V. Sanz and J.F. de Trocóniz [1905.12953] 

● ALP acts as a very off-shell mediator

● Signals independent of ALP mass ma and its decay width 𝚪𝒂 up 
to ma ≲ 100 GeV: allows to explore large areas in the
paramater space

● Suppression from 𝑠̂ compensated by derivative character of
ALP interactions

Nonresonant ALP-mediated diboson production

4𝝈 ∝ &𝒔/𝒇𝒂𝟒
Harder scaling

𝑠̂ = 𝑀$$
%
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Gluon fusion initiated (ggF)
diboson production
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Gluon fusion iniGated (ggF)
diboson producGon

𝑔#-- 𝑔#$$
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● ReinterpreaHon of CMS analyses: 
● 𝑔𝑔 → 𝑍𝑍 (CMS-B2G-17-013) 
● 𝑔𝑔 → 𝛾𝛾 (CMS-EXO-17-017) 

● SensiHve to (ALP coupling to gluons x ALP coupling to EWK diboson)

● Cross-secHons large enough to constrain significantly the
theoreHcal models using Run 2 data. 

● Dedicated ALP search at CMS: 𝑔𝑔 → a*→ 𝑍𝑍/𝑍𝐻 (CMS-B2G-20-013)

x

𝑠̂ = 𝑀$$
%

Gluon fusion initiated (ggF)
diboson production

𝑔#-- 𝑔#$$

Nonresonant ALP-mediated diboson produc=on
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Gluon fusion iniGated (ggF)
diboson producGon

𝑔#-- 𝑔#$$
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x

𝑠̂ = 𝑀$$
%

Gluon fusion iniGated (ggF)
diboson producGon

𝑔#-- 𝑔#$$

● ReinterpreaHon of CMS analyses: 
● 𝑔𝑔 → 𝑍𝑍 (CMS-B2G-17-013) 
● 𝑔𝑔 → 𝛾𝛾 (CMS-EXO-17-017) 

● SensiHve to (ALP coupling to gluons x ALP coupling to EWK diboson)

● Cross-secHons large enough to constrain significantly the
theoreHcal models using Run 2 data. 

● Dedicated ALP search at CMS: 𝑔𝑔 → a*→ 𝑍𝑍/𝑍𝐻 (CMS-B2G-20-013)

S. Carrá, V. Goumarre, R. Gupta, S. Heim, B. Heinemann, J. Küchler, F. Meloni, P. Quilez and Y.C. Yap 
reinterpretaHon of ATLAS analyses, [2106.10085]: 𝑍𝛾 (CERN- EP-2019-228), 𝑊𝑊𝑗 (CERN-EP-2021-030) 

Nonresonant ALP-mediated diboson production
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Nonresonant ALPs in VBS
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triboson-like

Efficiently suppressed by VBS cut:
𝑀./0./% > 120 GeV

𝑔#$$

𝑔#$$

t-channel

s-channel
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Contribution from gluons
● Same-sign WW, WZ, W𝛾: ALP QCD absent at tree level

● ZZ and Z𝛾: ALP QCD strongly reduced

● Consistency with previous nonresonant limits
[1905.12953], [2106.10085], [2111.13669]

● VBS selecZon cuts
● Large diboson masses

● For the tested region of the ALP parameter space, the theoretical
prediction is dominated by ALP VBS

● Conservative: QCD ALP is positive with a subdominant contribution
from its interference with EWK ALP
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● Calibrate our Delphes detector simulaQon using the SM EWK channel

● Compare EWK SM VBS expected yields from the CMS simulaHon and ours

* Recent update at 138 fb-1: CMS PAS SMP-21-011 

*

𝜌 =
𝑁12 3)4
56789#:;<

𝑁12 3)4
=21
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EWK scale factor

ALP Diboson Mass in CMS Leptonic Analyses
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ALP Diboson Mass in CMS Leptonic Analyses
● ~20 % signal systematics: PDFs + renormalization and factorization scales + MadGraph@aMC

● Background uncertainties from CMS analyses

● Consistency of the ALP EFT and estimation of the impact of the highest-energy bins

upper cut on diboson mass MVV

● Two benchmarks:

• Mvv < 2 TeV: ~85 % efficiency

• Mvv < 4 TeV: >99 % efficiency
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SM EWK VBS

ALP EWK VBS

● 85 % eff. ● >99 % eff.

● 4000
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● Consistency of the ALP EFT and estimation of the impact of the highest-energy bins

upper cut on diboson mass MVV

● Two benchmarks:

• Mvv < 2 TeV: ~85 % efficiency

• Mvv < 4 TeV: >99 % efficiency

ALP Diboson Mass in CMS Leptonic Analyses



● GeneraQon cuts:

● SelecQon cuts:

J. Machado-Rodríguez

ALP Diboson Mass in CMS Leptonic Analyses
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ALP Diboson Mass in CMS Leptonic Analyses
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• EW VBS SM and ALP signal cross secQons

• GeneraHon cuts

• Two benchmark points:
• 𝑝0 ≡ 𝑔!'" = 0
• 𝑝4 ≡ 𝑔!''= 0



ALP Diboson Mass in CMS Leptonic Analyses

CMS-SMP-20-016 

MVV < 4 TeV cut

MVV < 2 TeV cut

Overflow bin

J. Machado-Rodríguez RENCONTRES DE MORIOND 2023



ALP Diboson Mass in CMS Leptonic Analyses
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CMS-SMP-20-001

CMS-SMP-19-008

CMS-SMP-19-012

CMS-SMP-19-012



Branching frac=ons and selec=on efficiencies
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Differential cross-sections
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𝑔#$$

● Expected diff. cross-secQons are parameterized in the (𝑐 (), 𝑐 *+) plane with quarHc / 
quadraHc polynomials for pure signal / interference ALP components. 

● MadGraph5_aMC@NLO reweighHng tool for the generaHon at different points in the
(𝑐 (), 𝑐 *+) plane: 

𝑖ℳ𝐴𝐿𝑃 ~𝑔#$$𝟐 ~𝑂(𝑐($𝟐)
𝜎𝑠𝑖𝑔𝑛𝑎𝑙~𝑂 (𝑐!"𝟒)

𝜎𝑖𝑛𝑡𝑒𝑟𝑓~𝑂(𝑐!"𝟐)

𝑔#>> = 0

𝑔#?> = 0

𝑔#?? = 0
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Results

CURRENT LIMITS

● Only 𝑍𝑍 and Zγ can constrain 𝑐 *+/𝑓#

● Most promising channels: Zγ and 𝑊±𝑊±
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(for fa > 4 TeV and Ma < 100 GeV)
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Results

PROJECTED LIMITS

● HL-LHC limits on ALP couplings decrease by
a factor ~1.5 − 1.7

● HL-LHC limits on ALP cross secHons
decrease by a factor ~5 − 8

(for fa > 4 TeV and Ma < 100 GeV)
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Results
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• 95% CL upper limits

• CMS Run 2 measurements

• Projected sensitivities @  
𝑠 = 14 TeV

(for fa > 4 TeV and Ma < 100 GeV)
J. Machado-Rodríguez



Comparison to exis=ng bounds
• Red: this work

• Green: no assumpHons

• Light blue: nonresonant ggF. Depend on the coupling to
gluons and asume 𝑔𝑎𝑔𝑔 = 1 TeV−1

• Dark blue: gluon dominance 𝑔𝑎𝑔𝑔 ≫ 𝑔𝑎𝑉1𝑉2

• Orange: 𝐵𝑅(𝑎 → 𝛾𝛾)= 1

• Grey: more elaborate assumpHons on the EWK sector
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