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Axion-Like Particles

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

e Effective Field Theory (EFT) consistent with SM gauge and CP symmetries
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e Either shift-invariant and/or anomalous couplings interactions =
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® ALP interactions with SM particles have a derivative character: they grow with momentum
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Axion-Like Particles
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e C(lassical searches: ALP couplings to gluons and photons
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® ALP-gauge interactions at ATLAS and CMS: ic~
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e New idea: nonresonant ALP searches
Imposed by gauge invariance
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A Novel Approach:
Nonresonant ALP-mediated diboson production

e [M.B. Gavela, J.M. No, V. Sanz and J.F. de Troconiz [1905.12953]

e ALP acts as a very off-shell mediator wep m2 <« § g Z
e Signals independent of ALP mass m_ and its decay width I', up a*

to m, < 100 GeV: allows to explore large areas in the

paramater space g >

§ — M‘%V

® Suppression from § compensated by derivative character of

ALP interactions

G xS/fx ~
Harder scaling
J. Machado-Rodriguez NEPSI 2023 3




J. Machado-Rodriguez

A Novel Approach:
Nonresonant ALP-mediated diboson production

Reinterpreation of CMS analyses:
o gg— ZZ (CMS-B2G-17-013)
e gg— vy (CMS-EXO-17-017)

g A
gagg Yavv

Sensitive to (ALP coupling to gluons x ALP coupling to EWK diboson) / \

Jaggx Javv o
Cross-sections large enough to constrain significantly the
theoretical models using Run 2 data. 9 A

§ — MI%V
Dedicated ALP search at CMS: gg — a*— ZZ/ZH (CMS-B2G-20-013)
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A Novel Approach:
Nonresonant ALP-mediated diboson production

Forg =1 TeV",f, =1TeV and m, < 100 GeV

® Reinterpreation of CMS analyses: S I o e M I & s 7 maa
® gg— ZZ(CMS-B2G-17-013) memm 041 \ |Framaszme || g S

- = ATLAS WW1;,139 fb" l; iz

e gg— yy (CMS-EXO-17-017) wemm I —— CMS 22,36 b i
0.2_ —— CMSYy,36fb" / : i

e Sensitive to (ALP coupling to gluons x ALP coupling to EWK diboson) |
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Yaggx Javv
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e Cross-sections large enough to constrain significantly the "
theoretical models using Run 2 data.
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e Dedicated ALP search atCMS: gg — a > ZZ/ZH (CMS-B2G-20-013) —04 -0 0 02 0.4

/ Co

S. Carra, V. Goumarre, R. Gupta, S. Heim, B. Heinemann, J. Kiichler, F. Meloni, P. Quilez and Y.C. Yap
reinterpretation of ATLAS analyses, [2106.10085]: Zy (CERN- EP-2019-228), WWj (CERN-EP-2021-030)
| I
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Nonresonant ALPs in VBS

a4,
a1
e \Vector Boson Scattering (VBS): a9, »V’;V'»,q'1q’, Vi
Vi
'\ = + uull f P duw :
V'V',=2Z, Zy, W*y, WZ, W=W P » t-channel
V5
e VBS limits on ALP couplings to vector boson
independently of the gluon coupling )

e Cp Cpjjy Ca === 2 parameters o

® Nonresonant ALP: independent of ALP mass m,
and its decay width up to m, < 100 GeV

Why VBS?
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Nonresonant ALPs in VBS

e \Vector Boson Scattering (VBS): 0,9, =V',V',q':9';

'\, =27, 7y, Wiy, Wz, wEwt h

e VBS limits on ALP couplings to vector boson
independently of the gluon coupling

e Cp Cpjjy Ca === 2 parameters

\ a0
triboson-like q-

q2 5

® Nonresonant ALP: independent of ALP mass m,

and its decay width up to m, < 100 GeV Efficiently suppressed by VBS cut:

Mq/1qrz > 120 GeV
Why VBS?
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Nonresonant ALPs in VBS

e \ector Boson Scattering (VBS): 9,09, =V’;V',q':d',

V\V,=2Z, Zy, Wy, WZ, wtw=

e VBS limits on ALP couplings to vector boson
independently of the gluon coupling

e Cp Cpjjy Ca === 2 parameters

triboson-like

® Nonresonant ALP: independent of ALP mass m,
and its decay width up to m_, < 100 GeV

Efficiently suppressed by VBS cut:
Mq’lq’Z > 120 GeV

Why VBS?
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Nonresonant ALPs in VBS

P RESONANT
e Vector Boson Scattering (VBS): q:0, »V';1V',q1q, F Region Y
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e VBS limits on ALP couplings to vector boson
independently of the gluon coupling

o (pp — jjViVo) [pb]
o

Cp Cir CA
= Cp Gy C& — NONRESONANT REGION —

; . JEE Lol Lol L o111
® Nonresonant ALP: independent of ALP mass m, y 1 10 102 103
and its decay width up to m, < 100 GeV —— m, [GeV]
Why VBS?
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Nonresonant ALPs in VBS
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ALP Diboson Mass in CMS Leptonic Analyses

e ATLAS/CMS Run 2 measurements: first comparison to data, calibration of simulation tools and
calculation of educated predictions for higher luminosities.

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

e //:CMS-SMP-20-01 e /y: CMS-SMP-20-016
e W*W?* and WZ: CMS-SMP-19-012 e Wy:CMS-SMP-19-008

e Look at high energy deviations in the tail of the transverse momentum/mass spectra

® Selections cuts, data and backgrounds in the CMS papers

® Generation of ALP VBS: MadGraph_aMC@NLO + Pythia8 + Delphes3
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ALP Diboson Mass in CMS Leptonic Analyses

e Calibrate our Delphes detector simulation using the SM EWK channel ===y EWK scale factor

simulated
SM EWK
e Compare EWK SM VBS expected yields from the CMS simulation and ours sy | 0 = W/ CMS
SM EWK
Channel Obs. Lum. [fb™!] | Selection Criteria
ZZ Mgy 137 M;; > 100 GeV
Zry Mg, 137 Mj; > 500 GeV, An;; > 2.5, pl > 120 GeV
W*y My, 35.9" | Mj;; >800GeV, An;; > 2.5, p. > 100 GeV
w*zZ ML, 137 M;; > 500 GeV, An;; > 2.5
WEW= ML, 137 M;; > 500GeV, An;; > 2.5

Table 3. Summary of the CMS VBS analyses: the diboson mass observable, the integrated luminosity,
the most important selection criteria and the normalization scale factor p.
* Recent update at 138 fb-: CMS PAS SMP-21-011
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ALP Diboson Mass in CMS Leptonic Analyses

® ~20 % signal systematics: PDFs + renormalization and factorization scales + MadGraph@aMC

e Background uncertainties from CMS analyses

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

==) upper cut on diboson mass M,

e Two benchmarks:

« M, <2TeV: ~85 % efficiency

« M, <4TeV: >99 % efficiency
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ALP Diboson Mass in CMS Leptonic Analyses

Cy = Cj Photophobic Expected Int. lum.
signal / interf. [fb] signal / interf. [fb] Lepton Events [fb=1]
Z7Z 42.4 / -13.5 18.5 / -9.3 9.3 /-3.2 137
Wz 184 / 1.7 23.9 /-0.14 4.2 / 0.05 137
WEW= 16.0 / -4.0 16.0 / -4.0 18 / -5.5 137
Wr 28.7 / 4.3 5.4 /1.7 3.6 / -0.04 35.9
Zy 11.1 / 0.3 20.9 / -9.1 15.1 / 0.07 137
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ALP Diboson Mass in CMS Leptonic Analyses

Photophobic Expected Int. lum.
signal / interf. [fb] Lepton Events [fb=1]
VA 42.4 / -13.5 18.5 /-9.3 9.3 /-3.2 137
WZ 184 /1.7 23.9 / -0.14 4.2 / 0.05 137
WEW= 16.0 / -4.0 16.0 / -4.0 18 / -5.5 137
We 28.7 / 4.3 5.4 /1.7 3.6 /-0.04 35.9
Zy 11.1 / 0.3 209 /-9.1 15.1 / 0.07 137

Yayz = 0
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ALP Diboson Mass in CMS Leptonic Analyses

Photophobic Expected Int. lum.
signal / interf. |fb] Lepton Events [fb—1]

27 42.4 / -13.5 18.5 / -9.3 9.3 /-3.2 137

wWZ 184 /1.7 23.9 / -0.14 4.2 / 0.05 137
WEW* 16.0 / -4.0 16.0 / -4.0 18 / -5.5 137
W~ 28.7 / 4.3 5.4 /1.7 3.6 / -0.04 35.9

Z 11.1 / 0.3 20.9 / -9.1 15.1 / 0.07 137

Gayz =0 Gayy =0
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ALP Diboson Mass in CMS Leptonic Analyses
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Results

e 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 (cyy, cg) parameter space
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Results

e Diff. cross-sections are parameterized in the (cy, cg) plane with quartic / quadratic
polynomials for pure signal / interference ALP components.

q 5l
1 v ~
~ 4
Vi Osignal 0 (CV )

Javv < a IMyp ~Gayv® ~0(cp?) === 7

Vs I O-interf NO(CVZ)
. /&“ v )

e MadGraph5_ aMC@NLO reweighting tool for the generation at different points in the
(cyw, cg) plane:

Po = (]-7 1)7 P1 = (072)7 P2 = (170)7
P3 = (1, —1), P4 = (1, —0.305), Ps — (1, —3.279)
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Results
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Results

2 .
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e HL-LHC limits on ALP couplings decrease by = ¢ - LI £ DSEIVE
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Results: comparison to existing bounds

® Limits are very competitive and probe previously unexplored regions of the param. space
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Results: comparison to existing bounds
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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)

e Limits independent of the ALP mass and decay width (m, < 100 GeV)

e 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

J. High Energ. Phys. 2022, 113 (2022)
ArXiv: 2202.03450
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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)

e Limits independent of the ALP mass and decay width (m, < 100 GeV)

e 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

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

1 m2 a ~
Larp = ~0,a0"a — 22a® — c5 B, BY — co W W — L GA GARY
1 2 ¢ ], fa fa
EWSB l
K% __ Yayy F'uVF JavZ ZI'WF 9aZ7 Z’LWZ _ Gaww W_HWW_
ALPEW — A a uv A a |77 A a v a Uy
(Unitary gauge)
4 4 4
Gayy = 7 (sgc e cecB) 9avZ = f—529(CW —cg) Yagg = Ecé
a a
4 4
9az2 = 7 — (cgem + sgei) Gaww = i
a a
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Kinematic cuts

® Generationcuts:  pr(qyq) >20GeV, n(q) <6,  AR(qig5) >0.1, My >120GeV
pr(y) >10GeV, n(y) <2.5, AR(yq,) > 04,

® Selection cuts:

Channel Obs. Lum. [fb™!] | Selection Criteria p

A4 Mzz 137 M;; > 100 GeV 0.840.1
Zy Mg, 137 M;; > 500 GeV, Anj; > 2.5, pj. > 120GeV || 1.4 £0.2
Wy My, 35.9 M;; > 800GeV, An;; > 2.5, pr. > 100GeV [ 3.1 £0.5
w*zZ ML, 137 Mj; > 500GeV, An;; > 2.5 1.5+0.4
WEW= ML 137 M;; > 500GeV, An;; > 2.5 1.3+0.2

Table 3. Summary of the CMS VBS analyses: the diboson mass observable, the integrated luminosity,
the most important selection criteria and the normalization scale factor p.
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Branching fractions and selection efficiencies

Analysis Z7 Zy  WEy WEZ WEW*

Branching fraction | 0.45% 6.7% 22% 1.5% 4.8%
Efficiency 35.7% 14.0% 1.6% 11.3% 17.0%

Table 4. Summary of branching fractions and selection efficiencies for each VBS channel. The
efficiencies are relative to the simulated events in which the W and Z bosons decay to electrons or
muons.
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Diboson mass upper cuts

e Consistency of the ALP EFT and estimation 1 NIEEEN BRI BRI B U B =
of the impact of the highest-energy bins
SM EWK VBS wmZyALPEWVBS
. 85 % eff. ug 7 SM EW VBS >99 % eff.
m=) upper cut on diboson mass S 1 o' I B !
SIs - ALP EWK VBS ! ] !
Myy o - 1 - !
—l5 — : I
] i
- ] i
e Two benchmarks: 10-2 : :
: : o
« M, <2TeV:~ 85 % efficiency S R L b L1 TR
0 500 1000 1500 2000 2500 3000 4000
M,, < 4 TeV: > 99 % efficiency Mz, [GeV]
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Contribution from gluons " %

‘/1’
i
® Same-sign WW, WZ, Wy: ALP QCD absent at tree level ;
at
® ZZand Zy: ALP QCD strongly reduced V2
|4
e Consistency with previous nonresonant limits % d.
[1905.12953], [2106.10085], [2111.13669] 2
e VBS selection cuts /
® Large diboson masses g v/
1
® For the tested region of the ALP parameter space, the theoretical
prediction is dominated by ALP VBS
o
® Conservative: QCD ALP is positive with a subdominant contribution - %
from its interference with EWK ALP VBS pp = Vi12jj LO diagrams.
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ALP Diboson Mass in CMS Leptomc Analyses
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Results: comparison to existing bounds
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